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CHAPTER I. 
Introduction 


Nervous Vasomotor Control 


Just one hundred years ago Moritz ScuirF (1855) demon- 
strated the existence of a central vasomotor control exerted by 
the spinal medulla via the sympathetic vasomotor nerves which 
had been discovered shortly before. He was able to show, too, 
that a higher vasomotor center was located in the medulla 
oblongata. 

This vasomotor center in the medulla oblongata was further 
localized by Lupwie and his associates and was shown to be essen- 
tial for the maintenance of normal blood pressure and certain 
vascular reflexes (LUDwiG and Tuiry, 1864; Dirrmar, 1870, 
1873; OwsJANNIKOW, 1871). The observation by Ranson and 
BILLINGSLEY (1916) that electrical stimulation of a small circum- 
scribed area in the rhomboid fossa produced a marked rise in 
blood pressure, and stimulation of an adjacent area a fall in blood 
pressure, prompted the more recent investigations into the central 
vasomotor control and into autonomic representation in the 
medulla oblongata. 

In the past few decades, attention has also been given to supra- 
medullary regions which have been found to be important parts of 
the vasomotor system. This interest has largely been focussed on 
the hypothalamus, and the investigations of RANSON et al. and 
Hess et al. concerning the importance of that part of the brain 
relative to autonomic functions are already classical. Similarly, 
cortical regions have proved to influence the cardio-vascular appa- 
ratus. As regards the mesencephalon, interest has been very slight 
and structures located there which belong to the vasomotor system 
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have been regarded merely as descending connections from the 
hypothalamus and cortex. 

The present investigation deals with the role of the mesen- 
cephalon and, to some extent, the medulla oblongata in the central 
vasomotor control. In order that it may be viewed in its proper 
perspective, it is therefore necessary to outline some earlier results 
and theories. The following presentation, however, makes no claims 
to completeness (for a more detailed review and references to the 
literature, vide VuLPIAN, 1875; BECHTEREW, 1908-11; GASKELL, 
1916; Bayxiss, 1923; SpreGeL, 1928; MULLER, 1931; McDowa_t, 
1938; Hess, 1948; Wuite, SMITHWICK and SIMEONE, 1952; 
Kuntz, 1953). 


Peripheral Vasoconstrictor Nerves 


So far as is known, all vasoconstrictor nerves belong to the 
sympathetic nervous system. They originate from the white rami 
communicantes in thoracic and lumbar segments. From the sym- 
pathetic chain are distributed postganglionic vasoconstrictor fibers 
to various peripheral vascular areas in two ways. First, they 
are present in the sympathetic nerves that accompany the large 
arteries centrifugally, and secondly they run via the gray rami 
communicantes back to the spinal nerves, to join the peripheral 
nerves to the. regions having a somatic innervation. In this way, 
virtually all tissues and organs receive a vasoconstrictor innerva- 
tion (WooLLARD, 1926; GiLDING, 1932). 

The vasoconstrictor nerves possess a certain amount of tone 
even under resting conditions, i.e., some impulse flow will al- 
ways occur. Under such conditions this impulse flow probably 
amounts to 1-2 impulses per second (FoLkow, 1952). The latter 
author gives an upper limit of 6-8 impulses per second under 
physiologic conditions, which frequency would produce almost 
maximal vasoconstriction. Vasoconstrictor tone is maintained by 
the activity of central structures—in the normal animal, chiefly 
via the vasoconstrictor center in the medulla oblongata. 

The fact that most organs and tissues have a sympathetic vaso- 
constrictor innervation does not necessarily mean that the magni- 
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tude of the impulse flow is identical, for the vasoconstrictor tone 
may differ in different vascular regions. For instance, some inves- 
tigators have questioned the existence of vasoconstrictor tone 
in skeletal muscles or have considered it to be lower than that in 
skin and viscera (vide McCDowaALt, 1938). However, its presence 
in that tissue has been demonstrated conclusively (HARTMAN, 
BLatz and Kiiporn, 1919; McDowa tt, 1950). 


It is generally assumed today that the transmitter substance 
liberated at postganglionic vasoconstrictor nerve endings is nor- 
adrenaline. This was originally suggested by Baca (1934). The 
hypothesis was strongly supported by EuLer (1946 a, b), who 
identified noradrenaline in extracts from organs and nerves. Re- 
sults that confirm this view have been reported by other investi- 
gators too (FoLtkow and Uvnas, 1948 a, 1949). (For review, vide 
Euer, 1951.) 


Peripheral Vasodilator Nerves 


In view of the fact that the tonic vasoconstrictor innervation 
keeps the blood vessels in a state of contraction, it is not necessary 
to postulate special vasodilator nerves; for vasodilatation may 
conceivably be produced via inhibition of vasoconstrictor tone, 
in which case there will be a passive relaxation of the vessels. 

Some vascular areas nevertheless possess a special vasodilator 
innervation. In these regions vasodilatation may accordingly be 
produced in two ways: by inhibition of vasoconstrictor tone and 
by activity in vasodilator nerves. According to the conventional 
anatomical and physiological view, several types of vasodilator 
nerves exist. 

Cranial Parasympathetic Vasodilator Nerves. Some cerebral 
nerves possess parasympathetic vasodilator fibers, which are dis- 
tributed to the tongue and glands of the oral cavity, among other 
regions. Probably they are not involved in more general vasomo- 
tor reflexes; for example they play no part in depressor reflexes 
produced by stimulation of the sinus nerve (CELANDER and 
Fo.kow, 1951). 
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Sacral Parasympathetic Vasodilator Nerves. In the ventral 
roots of the sacral nerves, vasodilator fibers run notably to the 
genitals. These vasodilator nerves have a very specialized func- 
tion; probably they are only involved in local vasomotor phenom- 
ena. 

Sympathetic Vasodilator Nerves. The discovery of these nerves 
is generally credited to DastreE and Morat (1880 a, b), who 
observed that stimulation of the cervical sympathetic produced 
vasodilatation in the buccal mucosa. 

Since the anatomical course of the sympathetic vasodilator 
nerves coincides with vasoconstrictor nerves, it has naturally 
been difficult to study them. A serviceable technique was re- 
ported by Date (1906, 1913) in his classical papers on ergotoxin. 
He showed that stimulation of the sympathetic following ad- 
ministration of ergotoxin produced a fall of blood pressure in the 
experimental animal, i.e., the opposite reaction to the rise of 
blood pressure before ergotoxin. Dae postulated vasodilator 
fibers whose effect was demonstrable when the effect of the vaso- 
constrictor impulses was blocked by that drug. 

Many later investigations on sympathetic vasodilator nerves 
have been closely associated with the discussion relating to the 
chemical transmitter of the postganglionic vasomotor nerves. 
Adrenaline was long regarded as the transmitter substance at 
sympathetic nerve terminals. In view of the differing effects of 
this substance on the blood vessels in different organs, it was not 
unnatural to postulate it as the transmitter substance for both 
vasoconstrictor and vasodilator sympathetic fibers; for adrena- 
line in small doses was known to have a pronounced dilator 
action notably on muscle vessels, but in larger doses a constrictor 
effect (vide e.g. CLARK, 1930, 1934). The picture of the sympa- 
thetic vasodilator system was complicated, however, by the dis- 
covery of cholinergic sympathetic vasodilator fibers. Euter and 
Gappum (1931) attributed RoGowicz’s phenomenon to the exist- 
ence of such fibers. They assumed that in a dog with denervated 
facial muscles, the contracture of the lips elicited by stimulation 
of the cervical sympathetic was due to liberation of acetylcholine 
at sympathetic vasodilator nerve terminals. 
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This theory of two different types of sympathetic vasodilator 
fibers prevailed until only a decace or so ago, and was dealt with, 
for instance, in a series of investigations conducted by BULBRING 
and Burn (BuRN, 1932; BULBRING and Burn, 1935, 1936 a, b,c). 

Together with other investigators at that time, these authors 
arrived at the conclusion that the occurrence of sympathetic vaso- 
dilator nerves varied from one animal species to another. Thus 
the dog and the hare had such nerves in profusion; the cat 
sparsely; but the monkey and the rabbit were devoid of them. The 
sympathetic vasodilator fibers, according to those authors, were 
distributed principally to the skeletal muscles, though also to 
certain areas of skin (for example, the canine ear) and to the 
intestinal region. 

As regards the nature of the chemical transmitter substance at 
the nerve terminals, BULBRING and Burn held the view that both 
adrenergic and cholinergic fibers existed. The relative proportions 
of these two types were said to vary both in different animal 
species and in different tissues. Similar views were propounded 
by RosENBLUETH and CANNON (1935). (These investigations were 
summarized in a review by Burn, 1938.) 

More recent investigators, however, have questioned the exist- 
ence of sympathetic vasodilator nerves with an adrenergic trans- 
mission mechanism. Fotkow, HarGer and Uvnas (1948) and 
Fotkow and Uvnas (1950) thus reported observations which 
showed, in their opinion, that the sympathetic vasodilator nerves 
in the cat were solely cholinergic. In other investigations the dis- 
tribution of these nerves has been studied (Forkow and Uvnas, 
1948 b; Fotxow, Frost, Hagcer and Uvnas, 1949). It has been 
shown, both in the cat and the dog, that they are distributed 
only to skeletal muscles and not to the skin and splanchnic re- 
gion. GERNANDT and ZOTTERMAN (1946), who used an electro- 
physiologic method, also questioned the existence of vasodilator 
fibers in the splanchnic nerves. Experimental investigations and 
different views on sympathetic vasodilator nerves have been 
reported and discussed in detail in reviews by Burn (1938) and 
Uvnas (1954). 

Evidence of sympathetic vasodilator nerves to the skeletal 
muscles in man, too, has been presented in recent years by 
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Barcrort et al. (BARCROFT, EDHOLM, MCMICHAEL and SHARPEY- 
ScHAFER, 1944; BARcRoFT and EpHoLM, 1945; survey of results 
by BarcrorT and Swan, 1953). 

Vasodilator Fibers in Dorsal Roots. StRicKER’s early observa- 
tion (1876) that mechanical or electrical stimulation of a dorsal 
root in the lumbar region produced vasodilatation in the hind leg, 
prompted numerous investigations into antidromic vasodilator 
impulses. The copious literature includes BayLiss’s investigations 
conducted early this century (e.g. Baytiss 1901, 1902; survey 
by Baytiss, 1923). In his opinion, these dorsal root vasodilators 
played a major part in the central control of vascular tone. His 
results, and the views which both he and many others held re- 
garding their functional significance, have been criticized, how- 
ever. The most important question, in principle, may be whether 
central vasodilator impulses can be distributed via these nerves, 
as numerous investigators have thought (e.g. BayLiss, 1902, 1908; 
ForaNow, and TscHa.ussow, 1913; TouRNADE and MALMEJAC, 
1933; ROsENBLUETH and CANNON, 1934; Bacn, 1946). In a de- 
tailed experimental investigation conducted by Fotxow, STROM 
and Uvnas (1950) this question was answered in the negative and 
Bay.iss’s theory was strongly criticized. A similar sceptical 
attitude to efferent impulses in the dorsal roots has been taken by 
several other workers (RANSON and WIGHTMAN, 1922; Brown 
and Maycock, 1940; DoLe and Morison, 1940; Granit and 
REXxED, 1942; Uvnas, 1949). Under physiologic conditions, anti- 
dromic vasodilator impulses are probably of local significance 
only; i.e., relative to axon reflexes. 


Medulla Spinalis 


It has been mentioned that the preganglionic fibers of the 
sympathetic vasomotor nerves run in the white rami communican- 
tes. The cell bodies of these neurons are generally assumed to be 
located in the lateral horn of the gray substance of the spinal 
medulla. It is possible, therefore, that reflexes could be mediated 


via that route. 
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The importance of these spinal structures relative to vasomotor 
tone has been studied in some detail insofar as the vasoconstrictor 
system is concerned. Several investigators (e.g. SHERRINGTON, 1906; 
BowEN, Coomss and Pike, 1922) have reported observations 
in spinal animals. Such animals fairly soon regain a normal 
vascular tone and normal blood pressure. Elimination, after 
some time, of the spinal influence, too, produces a substantial 
loss of tone and a fall of blood pressure. Such experiments 
suggest that spinal vasomotor centers possess the ability under 
some conditions to maintain vasoconstrictor tone. 

That some vasomotor reflexes may even function without 
higher centers has also been demonstrated in spinal animals 
(SHERRINGTON, 1906; LANGLEY, 1924; Brooks, 1933; HEYMANs, 
BouckAERT, FARBER and Hsu, 1936). For instance, afferent sti- 
mulation of mixed peripheral nerves may give rise to blood press- 
ure responses in such animals. It is known, moreover, that 
asphyxia produced a substantial rise of blood pressure in spinal 
animals (MATHISON, 1910). 

As regards the significance of spinal structures relative to the 
sympathetic vasodilator system, nothing is known. 

Even though spinal structures may under some conditions 
possess a certain measure of vasomotor control, these spinal centers 
are not considered to play any appreciable role in that respect 
under normal conditions, but are merely of subordinate nature. 
It is conceivable, however, that some reflexes may even normally 


be mediated by this route. 


Medulla Oblongata 


The medulla oblongata occupies a key position with respect 
to the central vasomotor control. If the nervous pathways between 
it and the preganglionic outflow are interrupted—for example, 
by section of the brain stem at the level of the obex—vasocon- 
strictor tone will be lost and with it there will be a substantial 
diminution of the peripheral resistance, manifested in greatly 
reduced blood pressure. On the other hand, an apparently normal 
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vasoconstrictor tone and blood pressure control will be retained 
if the communications are interrupted between the medulla ob- 
longata and parts of the brain located higher. 

The credit for having elucidated these fundamental conditions 
is due primarily to Ditrmar (1870, 1873) and OwsjaNNikow 
(1871). By making transverse sections through the medulla ob- 
longata at different levels and observing when a fall of blood 
pressure appeared, those authors localized the vasomotor center, 
in the rabbit and cat, to a zone at the level of the middle and 
rostral parts of the rhomboid fossa. 

The structures responsible for this influence (on tone and re- 
flexes) are generally designated summarily as the vasomotor 
center Or vasoconstrictor center, as being a region dominating over 
the subordinate spinal centers. Different workers, on the basis of 
stimulation experiments, localized this center to the reticular for- 
mation between the middle and posterior thirds of the rhomboid 
fossa (dog) (BRUSTEIN, 1901); to the superficial structures at the 
inferior fovea (cat) (RANSON and BILLINGSLEY, 1916; Scotr and 
Roserts, 1924; Scott, 1925); or to a somewhat larger zone in 
the reticular formation at the level of the inferior fovea (cat and 
dog) (SuH, WANG and Lim, 1936; CHEN, Lim, Wane and Y1, 
1936, 1937 a, b). The responsive zones were bilateral. 

Several workers, using topical stimulation with e.g. the Hors- 
ley-Clarke technique, have explored and charted the whole of 
the medulla oblongata in cat and dog with respect to blood press- 
ure changes (MONNIER, 1938 b, 1939; WaNc and Ranson, 1939 a; 
ALEXANDER, 1946; Bacn, 1952; McQuEEN, BRowNE and WALKER, 
1954). A study of their charts of structures that have produced 
pressor or depressor responses when stimulated, conveys the im- 
pression that such effects may be elicited from most parts of the 
medulla oblongata. It is consistently found, however, that the 
majority of, and the most pronounced, rises of blood pressure 
were obtained from the lateral portion of the reticular formation, 
whereas blood pressure falls were mostly elicited from the caudal 
part of the medial reticular formation. Naturally it is difficult 
with such a technique alone to decide in what degree observed 
effects are due to activation of afferent or efferent pathways or 


of cell structures. 
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The discovery that electrical stimulation in the distal part 
of the rhomboid fossa, just lateral to the obex, elicited substantial 
blood pressure falls (RANSON and BILLINGSLEY, 1916), gave rise to 
speculations about the possible existence there of a vasodilator 
center. This center was thought to control the activity of the 
various vasodilator nerves and to possess a function analogous 
to that of the vasoconstrictor center. These two centers were 
assumed to have reciprocal actions, so that pressor reflexes, for 
example, involved an increase of vasoconstrictor tone and a co- 
incident decrease of vasodilator tone, whereas different depressor 
reflexes implied a decrease of vasoconstrictor tone and increase 
of vasodilator tone, the latter effected via all vasodilator nerves 
that were then known. This dual theory has been subscribed to 
by many investigators, including Baytiss (vide e.g. his monograph 
of 1923). However, the experimental results on which his view 
was partly based have been criticized by several later authors. 
It was mentioned in the foregoing, for instance, that vasodilator 
fibers in the dorsal roots are not nowadays considered to conduct 
central impulses; a vasodilator center cannot, therefore, be in 
communication with them. As regards cranial parasympathetic 
vasodilator nerves, it was recently shown that they are not in- 
volved in depressor reflexes from the baroceptor mechanisms 
(CELANDER and Fotkxow, 1951). The sympathetic cholinergic 
vasodilator nerves were unknown in BAyYLiss’s time. Observations 
have recently been presented which suggest that these nerves, too, 
have no connection with the vasodilator center and are not in- 
volved in depressor reflexes (FoLkKow and Uvnis, 1948 b; Linp- 
GREN and Uvnas, 1955). 

What, then, is the mechanism in depressor reflexes mediated 
via the medulla oblongata or in direct stimulation of the vaso- 
dilator center—since in both of these instances generalized vaso- 
dilatation is unquestionably produced? Probably this vasodilatation 
is brought about only by inhibition of vasoconstrictor tone, either 
via the medullary vasoconstrictor center or by direct inhibition at 
spinal synapses. This inhibition theory was already held by Scott 
(1925), who did not accept Bay.iss’s theories; and it has been 
verified by more recent observations (Lim, WANG and Y1, 1938; 
Y1, 1938; ALEXANDER, 1946; LINDGREN and Uvnas, 1954 a). 
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Whether the vasodilator region in the medulla oblongata consists 
of transiting afferent sinus and vagus fibers, or is a real center 
possessing independent neurons, does not seem to have been fully 
elucidated. However, it has been shown that destruction of that 
region blocks the depressor response to afferent stimulation of the 
sinus and vagus nerves (LINDGREN and Uvnais, 1954 a), which 
finding demonstrates that the impulses elicited are conducted via 
the same. In the opinion of Y1 (1938), the region in question 
constituted a true sympatho-inhibitory center. 

It seems incorrect, however, to use the designation “vasodilator 
center”, since the activity therein does not imply activity in any 
known vasodilator nerves, but merely inhibition of vasoconstric- 
tor tone. “Depressor area” appears to be a better term. 

The medullary organization of cranial parasympathetic vaso- 
dilator neurons will not be discussed here. 

The central representation of sympathetic vasodilator nerves 
has in recent years been studied by Uvnas and his associates. 
With regard to the medullary portion, it may be observed that 
the sympathetic vasodilator pathway from more rostral regions 
of the brain has a position differing anatomically from the dorsal 
structures that have been termed vasoconstrictor center and de- 
pressor area. From a comparatively narrow longitudinal band in 
the ventrolateral portion of the medulla oblongata and partly 
adjacent to the pyramidal pathway, it was possible, by electrical 
stimulation, to elicit activity in sympathetic vasodilator nerves 
to the skeletal muscles (LINDGREN and Uvnas, 1953 a, b). 


Mesencephalon 


In the cat and other higher mammals the mesencephalon 
consists of the tectum mesencephali, containing the corpora quad- 
rigemina, and, ventral thereto, of the tegmentum containing a 
large number of pathways and nuclear structures. The ventral 
border is formed by the pedunculi cerebri. 

The mesencephalon has one characteristic in common with the 
medulla oblongata: all pathways and fibers to and from more 
rostral regions pass through it. This makes difficult an investiga- 
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tion of its influence on various functions, since it is hard to decide 
what may be attributed to “genuine” mesencephalic neurons and 
what must be referred to transiting fibers. 

The literature concerning the influence of the mesencephalon 
upon autonomic functions is somewhat sparse. One of the first 
to investigate the influence of the corpora quadrigemina region 
on the blood vessels was EckHarpD (1873). He used rabbits as 
experimental animals and observed the appearance of the ear 
arteries under varying conditions. Upon mechanical stimulation 
of the superior colliculus he found an immediate constriction of 
the ear arteries, closely followed by dilatation above the normal 
state. He concluded that “in der Vierhiigel der Ursprung der 
Gefassnerven der Obrarterien zu suchen sei’. 

Danitewsky (1875) found that electrical stimulation of this 
region might produce a rise in blood pressure. Using fine elec- 
trodes, insulated except at the tips, he investigated the blood 
pressure response to stimulation of different sectors of the brain 
in curarized dogs. He found that the superficial, dorsal parts of 
the corpora quadrigemina had no influence upon the blood press- 
ure; but a rise in the latter could be elicited by stimulation of the 
deeper parts. 

Similar results were reported by other authors from that period 
(vide e.g. FERRIER, 1879, and BECHTEREW, 1909). Other autono- 
mic responses, including mydriasis, were often observed coinci- 
dently with the effects on the circulatory apparatus. OTT (quoted 
by BECHTEREW, 1909), in the course of his animal experiments 
concerning the thermoregulation of the organism, observed that 
an injury of the superior colliculus might cause increased heat 
dissipation as a result of vasodilatation. There was a concomitant 
rise in blood pressure, followed after 15 seconds by a fall. 

The problem as to the representation of autonomic functions 
in the tectum mesencephali was taken up once more by Prus 
(1899), who also used electrical stimulation. He reported that a 
substantial rise in blood pressiie could be elicited from the supe- 
rior quadrigeminal bodies, especially their anterior and central 
parts, and sometimes from the inferior ones too. The effect gene- 
rally came very rapidly at the start of stimulation, and persisted 
for a time after it had ceased. Prus made his observations in dogs. 
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These early investigations are naturally open to criticism and 
they permit only of circumspect conclusions. The main objection 
seems to be that the results were often presented in such form as 
to make criticism of details impossible. With regard, for instance, 
to experiments with electrical stimulation of cerebral structures, 
it would have been interesting to know certain data concerning 
the stimulation. We do not know, for example, in what measure 
the possibility of spread of the stimulatory effect was taken into 
account, and hence the extent of the cerebral areas that were 
activated and were responsible for the responses. As regards 
Prus’s results, however, it is possible that the stimulation had 
been fairly localized; for he reported somewhat varying results 
from different, though fairly contiguous, parts of the region. It 
may also be objected, of course, that blood pressure changes, if 
constituting the sole observation, are a poor criterion of vasomo- 
tor phenomena; but similar criticism may also be levelled at many 
recent investigations. 

One of the first investigations to be made with the Horsley- 
Clarke technique, into the influence of different parts of the 
brain stem on autonomic functions was that of SacuHs (1911), 
who used cats. He reported that blood pressure responses could 
be elicited from the superior and inferior colliculus as well as the 
posterior commissure and the substantia grisea centralis. The sti- 
muli were stated to have been of weak or moderate intensity. 

In the present century not only the medulla oblongata but 
especially the hypothalamus have been in the forefront of interest 
with regard to central autonomic representation. From the auto- 
nomic point of view the mesencephalon has chiefly been consid- 
ered to contain various efferent tracts from the hypothalamus. 
Among recent investigations, those of the RANSON group occupy 
a central position. In a series of papers during the nineteen-thir- 
ties, RANSON and his associates reported the results of systematic 
exploration, millimeter by millimeter, of the feline brain stem 
by topical electrical stimulation. 

Their charts showed that with regard to the mesencephalic 
sector, responsive points—mostly yielding rises, though also falls, 
of blood pressure—were scattered throughout the tegmentum and 
the substantia grisea centralis, with some concentration to the 
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fasciculus centralis tegmenti. Some points were found in the 
basal parts of the superior colliculus and ventral and medial to the 
inferior colliculus (KABAT, MAGouN and Ranson, 1935). That 
these authors interpreted their results, concerning the mesencepha- 
lon, largely as activation of descending connections from the 
hypothalamus is evident from several later papers (MacGoun, 
RANSON and HETHERINGTON, 1938; WANG and Ranson, 1939 
b), although they also took into account the possibility that 
synapses were involved. The diffuse extension of vasomotor-ac- 
tive structures in the mesencephalon was confirmed by experiments 
in which responses to stimulation of the hypothalamus were in- 
vestigated before and after various transverse incisions in the 
mesencephalon. It was found that the lateral portions of the 
tegmentum probably contained the bulk of the hypothalamofugal 
pathways, though some were also present in medial structures. 
BeaTTIE et al., on the other hand, considered the latter structures 
to be the principal localization of hypothalamofugal pathways 
(BEATTIE, Brow and Lone, 1930 a, b; BeatTig, 1932). 

The results reported by RANSON and his coworkers have been 
verified by several other investigators. MCQuEEN, BROWNE and 
WALKER (1954), using electrical stimulation, found both pressor 
and depressor points in the nucleus of the commissura posterior, 
substantia grisea centralis, and tegmentum. THomPsoN and BacH 
(1950) found that similar effects could be elicited from structures 
in the anterior portion of the tectum (superior colliculus) and the 
tegmentum. Hess (1938, 1947, 1948), too, reported that blood 
pressure responses could be induced from the mesencephalon. 

Very few researchers in recent times have directly studied the 
influence of the tectum mesencephali on autonomic functions, 
especially vasomotor ones. ALLEN (1931) nevertheless reported 
positive results when stimulating in the tectum mesencephali. 
Weak electrical stimulation in the superior colliculus of rabbits 
produced a moderate rise of blood pressure and an increase of 
the pulse amplitude; stronger stimulation induced a further blood 
pressure rise. 

To sum up, it may be said that the existence of vasomotor 
neurons has been fully demonstrated in both the tectum and the 
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tegmentum mesencephali, but that little is known of their char- 
acter—only that activation of them may give rise to pressor or 
depressor responses. 


Hypothalamus 


Together with the medulla oblongata the diencephalon is con- 
sidered to play an important role in the central control of the 
autonomic nervous system. Numerous authors have sought to 
localize, in hypothalamic structures, higher centers for a number 
of different autonomic functions. 

Among the first to emphasize the vasomotor significance of 
the hypothalamus were Karpius and Kreipt early this century. 
In a series of investigations they found that electrical stimulation 
of the walls of the third ventricle in the anterior hypothalamus 
produced rises in blood pressure (KARPLUS and KrerDL, 1909, 
1910, 1911, 1918, 1924, 1927 a,b, 1928; review by Karptus, 
1937). They observed, too, that similar responses could be elicited 
in animals where the cerebral hemispheres had been removed so 
long before that degeneration of corticofugal fibers had occurred. 
The autonomic structures in the hypothalamus were not, therefore, 
transiting fibers but could be regarded as centers. Similar obser- 
vations on the origin of vasomotor neurons in the anterior hypo- 
thalamus, and hence the possibility of an integrative vasomotor 
center in that region, were reported by MaGcoun (1938) and by 
ELIASSON, LINDGREN and Uvnas (1954). 

Numerous investigations of the autonomic functions of the 
hypothalamus have since been reported; notably those of Hess 
et al. and Ranson et al. (for review, vide HEss, 1932, 1938, 1947, 
1948; RANSON and Macoun, 1939). 

As a criterion of vasomotor reactions to electrical stimulation, 
each of the two last-named groups chiefly employed changes of 
blood pressure in animals. Worthy of note is that both pressor 
and depressor responses were elicitable, often from largely 
the same regions. Vasomotor-active points were rather diffusely 
scattered over a large area, and no correlation to detailed 


2 


anatomical structures was demonstrable. There was neverthe- 
less some concentration to the anterior hypothalamus, from which 
the structures could be traced backwards through the lateral 
portions towards the tegmentum and medulla oblongata. 

E1asson, Fotkow, LINDGREN and Uvnas (1951), by directly 
recording also the peripheral circulation in different vascular 
areas, discovered that electrical stimulation of the feline hypotha- 
lamus often produced considerable vasodilatation in the skeletal 
muscles. This was claimed to be due to activity in the cholinergic 
sympathetic vasodilator nerves. The findings have since been 
confirmed with the use of an electrophysiologic technique (Fot- 
kKOW and GERNANDT, 1952). 

Thermosensitive neurons are also located in the hypothalamus 
(vide e.g. RANSON, 1940; StrGM, 1950b); for local heating of 
that region produces considerable dilatation of cutaneous blood 
vessels by inhibition of vasoconstrictor tone. 

Aside from its special significance relative to the thermoregula- 
tion, the role of the hypothalamus in the rest of the central 
vasomotor control has been discussed a good deal. A current 
view is that the hypothalamus governs the autonomic response 
pattern in such complex reactions as sham rage and other emer- 
gency states. Some researchers have been inclined to identify 
the anterior hypothalamus with a vasomotor center, directly 
governing the spinal structures and having the reflex- and tone- 
controlling functions usually attributed to the bulbar vasomotor 
center; which latter was thought to consist chiefly of hypothala- 
mofugal pathways and segmental centers for cranial nerves 
(MULLER and Graser, 1913; Graser, 1931). Having regard to 
the overwhelming evidence as to the significance of the medulla 
oblongata (see above), such a state of affairs seems unlikely. 


Cerebral Cortex 


Suppositions, and even observations, that structures in the 
cerebral cortex have an important bearing on autonomic func- 
tions, notably vascular reactions, date back many years (STRICKER, 
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1886; BECHTEREW and MissLawsky, 1886; WEBER, 1906). The 
more recent investigations include one conducted by Dusser 
bE BARENNE and KLEINKNECHT (1924) who, using electrical 
stimulation, explored the cortex in dogs, cats and rabbits. They 
elicited rises of blood pressure from the gyrus sigmoideus and 
falls from the anterior portion of the gyrus suprasylvius medius. 
These results were largely confirmed by Horr and GREEN (1936). 
In another investigation (GREEN and Horr, 1937) those authors 
also studied, by observing organ volume variations as a mani- 
festation of vascular phenomena, the peripheral circulatory changes 
that lay behind the blood pressure responses. They interpreted 
the results—increase of the limb volume and decrease of the 
kidney volume during excitation of the motor and premotor 
areas—as vasodilatation in the skeletal muscles and vasocon- 
striction in the viscera. With regard to the extremity volume, 
Lunp (1943, 1945) reported similar observations in cats, suggest- 
ive of vasodilatation in skeletal muscles. A direct increase of 
the blood flow in an isolated area of skeletal muscle on stimula- 
tion of the lateral gyrus, immediately caudal to the sulcus crucia- 
tus, was observed by Exiasson, LinpGREN and Uvnas (1952), 
who interpreted the responses as vasodilatation resulting from 
activation of cholinergic sympathetic vasodilator nerves. 

It is accordingly evident that one important autonomic func- 
tion of cortical structures may be redistribution of blood from 
some organs to others, via vasoconstriction in the former and 
vasodilatation in the latter. (This view and others have been 
discussed in some detail by Lunp, 1947; Horr, 1949; and 
CurisTIAN, 1954, among others.) 

The corticofugal pathways have generally been considered to 
run via the hypothalamus and to interfere with vasomotor struc- 
tures located there. From some cortical regions, however, vaso- 
motor fibers run together with the pyramidal tracts and continue 
to function even after destruction of che entire hypothalamus. 
There are, accordingly, both extrapyramidal and pyramidal 
corticofugal vasomotor fibers (HuNsICKER and SpiEGEL, 1934; 
SPIEGEL and Hunsicker, 1936; GREEN and 1938; 
Watt and Davis, 1951). 
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Central Control of the Adrenal Medulla 


Having regard to the embryonic development of the adrenal 
medulla, its cells must be regarded as being analogous to the 
postganglionic sympathetic neurons. Moreover, the ability of the 
adrenals to produce hormones with effects resembling the activity 
in sympathetic nerves has long been known. 

Via impulses in the splanchnic nerves they may be activated 
by direct stimulation in the medulla oblongata, mesencephalon 
or hypothalamus, or by reflexes mediated via those central struc- 
tures. (e.g. ELtioT, 1912; CANNON and Rapport, 1921; Houssay 
and MOoLInELLI, 1925; CHEN, Lim, WaNnG and Y1, 1936, 1937 a; 
Macoun, Ranson and HETHERINGTON, 1937.) 

It has been shown in recent years that both adrenaline and 
noradrenaline are present in the secretory products of the adrenal 
medulla (vide e.g. Euter, 1951). The relationship between these 
two hormones has also been determined in various types of reflex 
activation of the adrenal medulla (Kainpit and Euter, 1951; 
Hottz, ENGELHARDT, GREEFF and SCHUMANN, 1952; EULER and 


Fotkow, 1953). Considerable interest attaches to the report that | 
electrical stimulation of the hypothalamus may produce a selective | 


increase of the adrenaline outflow (BRiickE, KAInDL and MAyeErR 
1952), and that stimulation at various sites in that region pro- 
duces sometimes chiefly a noradrenaline outflow and sometimes 
an adrenaline outflow (REDGATE and GELLHORN, 1953; FoLtkow 
and Euter, 1954). These results are very interesting in regard to 
the observation that noradrenaline and adrenaline occur in differ- 
ent adrenomedullary cells (HitLarp and 1953). 

Hypoglycemia following insulin administration elicits a selec- 
tive increase of the adrenaline secretion from the adrenal medulla. 
Dunér (1953) postulated a central receptor mechanism situated 
in the hypothalamus. 

Several reflexes or other central discharges involving the sym- 
pathetic vasomotor (vasoconstrictor) system also activate the 
adrenal medulla. The latter’s hormones thus promote by humoral 
means the purely nervous effects. Yet according to a recently 
reported investigation, the humoral component plays, in the quan- 
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titative sense, only a minor role in the vascular response by 
comparison with the nervous component (CELANDER, 1954). 


Aim of the Present Investigation 


In recent years Uvnas and his coworkers have reported several 
investigations into the cerebral representation of the sympathetic 
vasodilator system. Structures belonging to that system have been 
localized to the cerebral cortex, hypothalamus and medulla ob- 
longata. In the course of the experiments it was observed that the 
pathway from the hypothalamus probably continued in the dor- 
solateral direction to tectal structures. This was interesting having 
regard to the current view that hypothalamofugal vasomotor 
pathways ran chiefly in tegmental regions. At the same time, this 
finding brought into the foreground observations by early re- 
searchers that even tectal regions might have some vasomotor 
significance. 

The original aim of the present investigation was, therefore, 
to study the mesencephalic part of the sympathetic vasodilator 
outflow. Due to the complex nature of the peripheral vascular 
effects obtained by stimulation in this area, it was found necessary 
to study to what degree the vascular responses were dependent 
on vasoconstrictor and adrenomedullary activation. Some experi- 
ments were also conducted in order to throw light on the anatom- 
ical and functional relationship of the mesencephalic structures 
to the medullary vasomotor center. 

Some results concerning the localization in the mesencephalon 
have already been reported as part of an investigation, together 
with RosEN, STRANDBERG and Uvnas (1955), into the anatomical 
course of the sympathetic vasodilator pathway. Other preliminary 
results were reported at the VIII Scandinavian Physiological 
Congress in Helsinki (LinDGREN, 1954). 
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CHAPTER II 


Vascular Responses to Electric Stimulation 
in the Tectum and Tegmentum 


Mesencephali 


Virtually all of the earlier investigations, outlined in the intro- 
duction, regarding the vasomotor significance of the mesencepha- 
lon have chiefly involved only observations of the experimental 
animals’ blood pressure upon electric stimulation in the cerebral 
region. They have shown both rises and falls of blood pressure. 
No significant difference has been found in the localization of 
regions that have been associated with one or the other response. 
Positive findings at blood pressure recording may naturally be 
of value; they will indicate that the stimulated cerebral structure 
has an influence upon the vasomotor system. But they reveal 
nothing about the actual nature of the peripheral vascular mecha- 
nism that must lie behind these reactions; the blood pressure 
response is merely the resultant of them. Major variations in the 
peripheral resistance—vasodilatation in some vascular areas and 
coincident vasoconstriction in others—may also occur without 
being manifested in blood pressure changes. Another factor of 
importance to the blood pressure is, of course, the cardiac function. 

In electrical stimulation in the central nervous system with 
the technique employed in this investigation—which has also 
been used by numerous other authors—it has to be borne in mind 
that the peripheral effects may be of very mixed character. Even 
though spread of the stimulation field is comparatively small in 
stimuli of moderate intensity, the possibility yet remains that 
fibers and cell groups of extremely heterogeneous character may 
be activated. The view that any anatomically localized area— 
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nucleus or tract—has a single function is tenable, according to 
present day theories, only in exceptional cases. Major structures 
often consist of a syncytium of microscopic cell groups and fibers 
having more or less varying functions. This is particularly true of 
the representation of autonomic functions in the brain stem. 

It is naturally impossible, for practical reasons, to record or 
even to observe more than a very limited number of functions 
concurrently. In the present investigation the blood pressure of 
the experimental animals was recorded continuously. Similarly, 
the venous blood flow was recorded from a fairly circumscribed 
region of the body or, usually, from two different regions coinci- 
dently. Attention was mainly directed to a study of the increased 
blood flow in the skeletal muscles, elicited by electrical stimula- 
tion of mesencephalic structures, and to vascular responses simul- 
taneously occurring in other tissues, such as skin and gut. Vascular 
responses which, upon stimulation, occurred without concomitant 
vasodilatation in the muscles were studied only to alimited degree. 


Methods 


Material 


The material in this section of the investigation was comprised 
of 96 cats. (Sixteen of these underwent not only central stimula- 
tion but other measures, so that they are also included in the 
material in later parts of the investigation (8 of them in Chapter 
III:2, and 8 in Chapter V:2).) The weight varied between 1.7 and 
4.8 kg, the mean being 3.0 kg. The animals’ sex was not taken into 
account. In general no food was given for 12 hours before 
experiments or aseptic operations. 


Anesthesia 


In the majority of experiments the animals were anesthetized 
with Dial, 50 mg per kg (40-70 mg per kg), injected intravenously 
(cephalic or saphena parva). Either the vein was exposed under 
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initial ether anesthesia and a slender plastic tube inserted, or the 
injection was given percutaneously without initial anesthesia. 

In the experiments conducted upon acutely decerebrated ani- 
mals, only ether anesthesia was given. It was discontinued imme- 
diately after the decerebration. 


Operative Preparation of the Experimental Animals 


Neck. After anesthetization of the animal, the trachea was 
dissected free by a longitudinal incision in the ventral surface of 
the neck. A Y-shaped tracheal cannula of glass was inserted for 
the purpose of maintaining patency of the respiratory passages 
and of facilitating artificial respiration if required. 

The common carotid artery and the vagus were dissected free 
on either side of the trachea and a segment of each, about 2-3 cm 
long, was exposed. 

In some experiments the carotid sinus region too was exposed. 
Satisfactory visualization was obtained after resection of parts 
of the sternocleidomastoid and digastric muscles and of the large 
lymph node covering that area. After very little further dissection 
the sinus nerve could be directly visualized throughout its course 
from the carotid sinus to its junction with the glossopharyngeal 
nerve. 

In several experiments it was desirable to avoid possible 
vasomotor changes due to the baroceptor mechanisms. Functional 
elimination of the receptors in the aortic region was effected by 
bilateral vagotomy, and of those in the carotid sinus either by 
section of the sinus nerves or bilateral occlusion of the common 
carotid arteries. 

Animals with unsatisfactory respiration received artificial respi- 
ration by machine (pulsating positive pressure). 

Head. After a longitudinal incision in the skin the temporal 
muscles were dissected free from their origin on the skull. With the 
use of a dentist’s drill a hole of a square centimeter or two was 
made in the skull over the posterior part of the cerebral hemisphe- 
res. Any bleeding from the bone was arrested with bone wax. 
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In order to minimize the traumatization attending insertion of 
the electrodes, small incisions were made in the dura. In the few 
cases in which major bleeding occurred, the blood loss was substi- 
tuted with dextran. 

In some experiments the skin incision was prolonged in the 
caudal direction, and the muscles covering the occipital bone 
and atlanto-occipital membrane were removed. After drilling 
and removal of the overlying bone, the caudal portion of the 
cerebellum was removed so as to facilitate introduction of the 
electrode. 

Vascular Areas. The venous blood flow in various tissues— 
skeletal muscles, skin and intestine—was observed. 

The muscle blood flow was studied in one of the extremities, 
usually a hind leg. In order to eliminate the blood flow from 
other types of tissues (notably the skin), the leg was skinned 
from the inguinal region to the ankle following a longitudinal 
incision on the inside of the limb. Immediately above the ankle 
a tight ligature was applied which completely isolated the paw 
from the circulation. To obviate cooling, the detached skin was 
wrapped round the isolated muscles and sutured. A segment of 
the femoral vein was dissected free a few centimeters proximal 
to the junction with the saphena magna, to facilitate the insertion 
of a cannula. In those cases where intra-arterial injections were 
given, they were administered through a small cannula inserted 
into the central stump of the ligated and cut deep femoral artery. 
In recording of the muscle blood flow from a foreleg, in the 
bracheal vein, the procedure was similar. 

The only vascular areas in the cat where cutaneous tissue 
predominates and that are suitable for the recording technique 
employed here—measuring of the venous outflow—are the paws. 
For studying the blood flow in a hind paw, a skin incision was 
made and the saphena magna vein dissected free for cannulization 
a few centimeters proximal to the ankle. To prevent a great 
part of the blood flow from passing, via collaterals, to the area 
drained by the saphena parva vein, the latter was ligated. The 
blood flow from a front paw was recorded in the cephalic vein, 
similarly cannulated a centimeter or so proximal to the ankle. 
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The blood flow from an intestinal area—a segment of the 
jejunum or the proximal part of the ileum—was recorded in an | 
arcade vein. Following a midline incision 4-5 cm long in the 
abdominal wall, a vein of appropriate size was carefully dissected 
free without exposing any segment of the gut outside the abdom- 
inal cavity. Contiguous arcade veins were ligated so as to block 
any collateral pathways. After insertion of the cannula for record- 
ing, the greater part of the abdominal incision was sutured. 

Elimination of the Adrenals. In studying the effects of nervous 
activity on the blood vessels, it is often useful to eliminate the 
factor consisting in the adrenomedullary activity. In many ex- 
periments this was accordingly done, either by denervation alone 
or, usually, by ligation of afferent and efferent blood vessels and 
nerves, and in some cases removal of the organ. As a rule a 
retroperitoneal operative technique was employed, the adrenals 
being reached via an incision in the flank immediately below 
the ribs. In a few experiments the operation was performed 
transperitoneally after evisceration. 


Evisceration. In some experiments the animals were eviscerated. 
Following ligation of the large vessels to the small intestine and 
colon, those organs were removed; both stomach and liver, with 
their arterial blood supply, and the kidneys were left intact. 


Ligation of the Spinai Medulla. In some experiments in which 
the muscle blood flow from the hind legs was studied, it was 
desirable to eliminate both somato-efferent and somato-afferent 
communications. This can be done by cutting the spinal medulla 
at the level of Ls, which operation interrupts the somatic innerva- 
tion to that area but leaves the sympathetic intact, since the 
preganglionic fibers originate from segments cranial thereto. From 
the sympathetic chain are distributed the postganglionic fibers 
to the periphery via the gray rami communicantes to the spinal 
nerves (REIGHARD and JENNINGS, 1935; GEOHEGAN, WOLF, AIDAR, 
Hare and Hinsey, 1942). The only existing communication 
between the central nervous system and the hind legs accordingly 
runs via the sympathetic chain. 

The operation was performed in the following manner. After 
the skin had been incised and the adjacent dorsal muscles removed, 
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one or two vertebral arches at the level of the fifth lumbar 
segment were drilled through with a dentist’s burr. Without 
opening the dura, a ligature was applied round the spinal medulla. 
Although this method produces compression of the spinal medulla 
for a few millimeters on either side of the ligature, it has the 
advantage of not causing any appreciable bleeding. The wound 
was closed by a few sutures in the skin. 

Decerebration. In order to obviate any influence of anesthetics 
on the vascular responses that were studied, a few experiments 
were conducted on acutely decerebrated animals. Under ether 
anesthesia, parts of the dome of the skull were removed by the 
method described above. A long longitudinal incision was made 
in the dura on either side of the middle line. The central parts 
of the hemispheres as well as the brain stem anterior to the 
mesencephalon were removed by suction through a glass tube 
(caliber 4-5 mm); in some cases the anterior portion of the 
mesencephalon was damaged too. At this stage the administration 
of ether was discontinued. In order to reduce the blood loss, the 
common carotids had been occluded; moreover the whole proce- 
dure was carried out rapidly. The hemorrhages from the base 
of the skull and other sites were arrested by tamponade with 
gelfoam and cotton. The entire procedure, including anesthetiza- 
tion, generally took about 20 minutes. An interval of a few 
hours was allowed before the experiment proceeded, and as a 
rule the animals were by then in good condition. 


Technique of Cross-Circulation 


A good possibility of studying the peripheral circulation is 
afforded by the use of cross-circulation techniques. A technique 
of this kind has been described by Et1asson, Fotkow, LINDGREN 
and Uvnas (1951), among others. A hind leg was prepared in 
the manner described above. With the use of several tight liga- 
tures in the skeletal muscles at the middle of the thigh, all 
vascular communications to the muscular area distal thereto were 
interrupted; the only remaining communications were via vessels 
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Fig. 1. Schematic representation of cross-circulation technique. 


in the femur and small vessels in the ischiatic nerve, which were 
not ligated. However, in practice these vessels were of no im- 
portance. Outside the ligatures ran, of course, the femoral artery 
and vein, which had been isolated from lateral branches in a 
long segment from the inguinal region to the origin and entrance 
of the saphenous vessels. The central stump of the femoral artery 
in another cat, the donor, was connected via a short plastic tube to 
the corresponding peripheral stump in the isolated hind leg of the 
recipient animal. At the same time the blood flow in the femoral 
vein of the recipient animal was conducted, via a recording unit, 
to the donor animal. A schematic representation is shown in figure 
1. As a rule it was sought, by eliminating and activating baroceptor 
mechanisms, to balance the donor animal’s blood pressure with 
that of the recipient. 

Although this technique is laborious it has many advantages. 
For instance, the blood flow in the cross-circulated segment 
cannot be mechanically influenced by blood pressure variations 
in the recipient animal. The perfusion pressure will remain 
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constant regardless of any changes of flow that may occur; the 
vascular sector constitutes such a small part of the donor animal’s 
total vascular area that no change in its peripheral resistance 
will influence that animal’s blood pressure. Moreover, any possible 
humoral factors from the recipient animal cannot affect the 
vascular changes in the perfused area. These changes must be 
attributed solely to activity in fibers belonging to the ischiatic 
nerve, for this is the only communication with the rest of the 
recipient animal. 


Stimulation Technique 


For localized electrical stimulation of subcortical brain struc- 
tures the Horsley-Clarke technique is very appropriate and has 
been used and described by numerous investigators (e.g. HorsLEY 
and 1908; CLARKE, 1920; RANSON, 1934; HARRISON, 
1938; MonnieR, 1938 a). In principle it involves fixing the 
animal’s head in a stable metal frame, carrying one or more elec- 
trode holders that are movable in three planes at right-angles to 
each other. A coordinate system facilitates application of the 
electrode in the desired position. The electrode plane used here in 
mesencephalic stimulation is evident from figure 34. In stimulation 
of structures in the medulla oblongata and adjacent regions the 
electrodes were inserted in a plane diverging by about 40 degrees 
from the former. 

The electrodes employed were of bipolar type and made of 
nichrome wire, 0.3 mm gauge. The wires were insulated from 
each other and from the environment by a coat of enamel (for 
details of their manufacture, vide RANson, 1934). The tips of 
the electrodes were sharpened, to facilitate penetration into the 
brain substance; and only these ground surfaces were uninsulated. 
Two somewhat different types of electrode tip were used, as 
shown in figure 2. Although type A ensured the most accurate 
localization, it was associated with some difficulty in striking 
circumscribed structures, since a shift of only 1 mm or less on 
either side of an active point was often sufficient, in stimulation 
of moderate intensity, to prevent a response. Such experience 
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Fig. 2. Schematic representation showing the two types of electrodes used. 


indicates, moreover, that with the electrodes used here the stimu- 
lated zone must be fairly small, probably 1-1.5 mm in diameter 
at the most. Other workers, too, have testified to the possibility 
of localized stimulation. RaANson (1934), for instance, writes: 
“Since the electrode measures less than a millimeter in diameter 
and only a thin layer of enamel separates the tips of the compo- 
nent wires, the electrical field is small and the stimulus is re- 
stricted to a very small zone surrounding the tip. Very precise 
results can therefore be obtained.” 

The electrical stimulation consisted of impulses delivered by a 
square-wave generator. For visualizing the impulses, a cathode-ray 
oscillograph was connected to the generator. The latter was de- 
signed for “constant voltage” stimulation with an output resist- 
ance of 1,000 Ohms. The duration of impulses, voltage, and 
frequency could be varied independently of each other. Unless 
otherwise stated, the stimuli had a duration of 2 milliseconds and 
the frequency was 70 impulses per second. The output voltage 
was in general 1.5-3.5 volts. Each period of stimulation had a 
duration of 10, 15 or 20 seconds or more, governed manually or 
by a time relay. 
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The stimulator unit was designed for direct voltage too. This 
came into use in cases where the stimulation point was coagulated 
to facilitate localization (see Chapter III). In such cases the in- 
different electrode was attached, for example, in the animal’s 
tongue, and the other one consisted of the stimulating electrode. 


Recording Technique 


In all experiments the blood pressure was continuously recorded, 
either in the common carotid or the brachial or femoral artery. 
The artery was cannulated and, via a rubber tube filled with 
saline, communicated with an ordinary U-shaped mercury mano- 
meter. 

The technique for recording of the venous blood flow has been 
described by CLEMENTz and Ryserc (1949), Hitton (1952), 
Hitton and Lywoop (1954), and LinpGrEN and Uvnais (1954 b). 
In principle the method consisted in directing the blood flow 
from a cannulated vein, via a plastic tube, to a drop chamber. 
A phototube drop counter operated an ordinate recorder. From 
the drop chamber the blood stream was returned to the animal, 
entering either the cannulated proximal stump of the same vein 
or another vein—usually, for practical reasons, the external jug- 
ular. The extracorporeal passage of the blood necessitated heparin- 
ization of the animal. This was produced with about 25 mg 
heparin per kg in a 5 per cent solution, given intravenously. 

For a recording unit with tubes and drop chamber, the 
extracorporeal blood volume amounted to about 3 ml. The tubes 
naturally presented some resistance to the blood flow. To gain 
an idea of its magnitude, the resistance was determined at varying 
velocities of flow. The results are shown in figure 3. In the case of 
e.g. a minute volume below 12 ml—which value was only 
occasionally reached—the resistance was less than 6 cm H.O. 
The method was thus associated with an increased venous pressure 
in the vascular area studied. However, the method was found to 
have no disadvantages in comparison with an open method, in 
which the venous outflow runs against the atmospheric pressure. 
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Fig. 3. Diagram showing the resistance in a blood flow recording unit (plastic 
tubes, inner diameter 2.0 mm, and drop chamber, inner diameter 12 mm, total 
length 60 cm) at different rates. 


In order to minimize the heat loss from the blood during its 
extracorporeal passage, the plastic tube was enclosed in a larger 
outer tube, so that an air space was formed between the two. 
This notwithstanding, it was impossible to avoid some cooling of 
the blood, as will be seen from figure 4. However, it did not 
influence the animal’s body temperature, which was kept constant 
by the heating devices of the operating table. 

In most experiments the blood flow was recorded in two 
vascular areas concurrently; in some experiments, in one area 
only, and in others, in three different areas. 


Aseptic Operations 


Lumbar Sympathectomy. The animals were anesthetized with 
25-30 mg Nembutal per kg intraperitoneally. After a midline 
incision through the abdominal wall the gut and urinary bladder 
were retracted with warm, moist packs. Lateral to the aorta the 
dorsal peritoneum was incised and the left sympathetic chain 
exposed by blunt dissection. Commencing in the cranial part at 
the level of L;-Ly, all efferent and afferent pathways were then 
cut, after which the entire chain was removed ganglion by gang- 
lion. In general, not more than two ganglia distal to the promon- 
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Fig. 4. Diagram showing the heat loss of the blood in a blood flow recording 
unit at different rates. 


tory could be removed. In some cases the most caudal visible 
ganglion was inseparable from that on the right side; both ganglia 
were then removed. After careful hemostasis the dorsal peritoneum 
was sutured, and likewise the ventral peritoneum and abdominal 
muscles. The wound was then closed with continuous steel sutures. 
A single dose of 0.25 gm streptomycin was injected into the 
abdominal cavity. No further postoperative treatment was given. 

The operation deprived the left hind leg of its sympathetic 
innervation. This latter is considered to consist partly of post- 
ganglionic fibers along the larger arteries and partly of fibers in 
the gray rami communicantes to the spinal nerves. The latter 
type of fibers, functionally the most important, are distributed 
with the peripheral nerves to all vascular areas (GiILDING, 1932). 
The preganglionic communications to sympathetic fibers in the 
ischiatic nerve run in white rami communicantes in the fourth 
lumbar and segments cranial thereto. The postganglionic ones run 
in gray rami communicantes to spinal nerves L,-S, (L;-S.) 
(REIGHARD and JENNINGS, 1935; GEOHEGAN, WoLF, AIDAR, Hare 
and Hinsey, 1942). The animals were used after some time for 
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observations of the blood flow, principally in the lower leg 
muscles, the innervation of which consists substantially of branches 
from the ischiatic nerve. 

Denervation of Fore Paw. The operation was performed under 
ether anesthesia of short duration. After a short skin incision in 
the axillary fossa and blunt dissection of overlying muscles, the 
nerves running from the brachial plexus to the fore leg—median, 
radial, ulnar, etc.—could be inspected. Each of them was cut and 
segments 1-3 cm long removed in order to prolong and make 
difficult the regeneration. The wound was closed with a few 
steel sutures. No postoperative treatment was given. The animals 
often developed some flexion posture of the denervated paw 
aiter a time, and mild decubiti sometimes occurred. 

This operation interrupted virtually all nervous communications 
to the fore leg; i.e., the sympathetic ones too.—The sympathetic 
fibers running along the large arteries are, as mentioned above, 
of no practical significance relative to the peripheral vasomotor 
innervation. The animals were used after some time for observa- 
tions of the blood flow in the skin (paw). 


Solutions and Substances 


(Chapters II, III, IV and V) 
Dial (Ciba), (Diallylbarbituric acid). 
Nembutal (Abbot) (diluted in 20°/o ethyl alcohol), (Sodium 
ethyl [1-methylbutyl] barbiturate, Pentobarbital Sodium). 
Aether ad narcosin (Sw.Ph.XI), (Ether). 
1-Epinephrine bitartrate (Winthrop-Stearns), (Adrenaline, Epi- 
nephrine). 
1-Arterenol bitartrat (Leo), (Noradrenaline, Norepinephrine). 
Acetylcholin “Roche” (Hoffman-La Roche), (Acetylcholine). 
Atropini sulfas (Sw.Ph.XI), (Atropine). 
Physostigmine salicylate P.S.XI. (Bios), (Eserine). 
Dihydroergotamine (Sandoz), (Dihydroergotamine). 
Heparin Vitrum (Vitrum) 5 °/o, (Heparin). 
Macrodex (Pharmacia), (Dextran). 
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Spongostan (Ferrosan), (Gelfoam). 
Strepsulfat (Kabi), (Streptomycin). 
Suspenin (Kabi), (Penicillin). 

Those of the above-mentioned drugs that are not supplied in 
solution and that were used for injection, were dissolved in 0.9 
per cent saline unless otherwise stated. Similarly, all dilutions 
were made with 0.9 per cent saline. Unstable solutions were 
prepared immediately before each particular experiment. 


Results 


1. General Features of the Peripheral Responses 


Numerous experiments confirmed the reports of earlier investi- 
gators regarding pressor and depressor responses to mesencephalic 
stimulation. The blood pressure responses varied considerably in 
character and magnitude from one animal to another. As a 
general rule, stimuli of high intensity produced a rise of blood 
pressure. Moreover, a depressor response could generally be 
changed to a pressor response by increasing the intensity. Some- 
times the rises in blood pressure were biphasic, with a rapid phase 
and a slower and lower, though more prolonged phase. The latter 
component was observed especially in experiments on animals 
with intact adrenals. 

Observations of the behavior of the blood flow in different 
organs upon stimulation provided, however, some explanation of 
the irregular pattern of the blood pressure responses; for these 
were often associated with substantial changes of blood flow, 
particularly on stimulation in tectal regions. Such changes some- 
times occurred, however, even without any demonstrable blood 
pressure response. The explanation seems to be that increases of 
blood flow in an organic system—the skeletal muscles—were 
compensated by decreases in other parts, the cutaneous and 
splanchnic areas. The baroceptor mechanisms naturally played 
an important part, too, in equalizing the blood pressure responses. 
Their role is studied especially in Chapter V and, to some degree, 
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in section 5 of the present chapter. It may already be observed 


here, however, that the baroceptor mechanisms did not play any | 


qualitative part in the peripheral responses. 

In some experiments, notwithstanding systematic exploration 
of the mesencephalon, no increase of blood flow could be 
elicited in the skeletal muscles. Yet rises of blood pressure could 
invariably be obtained, provided the intensity of stimulation was 
increased sufficiently, from different parts of the mesencephalon, 
and particularly from tegmental structures. They were sometimes 
attended by a decrease in e.g. the cutaneous blood flow; more 
rarely was there any reduction of the muscular blood flow. 

Insertion of the electrode occasionally gave rise to intracerebral 
bleeding of varying extent. In the case of minor hemorrhages 
round the electrode tip, no effects could be elicited upon repeated 
stimulation. In the case of larger hemorrhages, displacement and 
compression often prevented continuation of the experiments. 
Similarly, cerebral edema sometimes occurred without any mani- 
fest cause, and rendered the structures considerably less sensitive 
to electrical stimulation. 

Other responses to stimulation—autonomic or somatic—were 
not systematically studied. In one or two experiments the animals’ 
pupils were studied, and both dilatation and contraction could 
be detected, depending on the region stimulated. The heart rate 
was observed in a few cases, though without any direct recording. 
Either it showed no changes upon stimulation producing increase 
of blood flow in the skeletal muscles and only a minor effect on 
the blood pressure, or a slight increase of rate could be observed. 

Uncoordinated motor responses sometimes occurred in response 
to stimulation, at times with a change in the depth of respiration, 
occasionally of convulsive type. 


Comment 


The observation that if electrical stimulation in the mesen- 
cephalon, especially tectal regions, produced a change in blood 
pressure, then it usually consisted of a rise, is consistent with the 
results of earlier investigations (e.g. Prus, 1899; Sacus, 1911; 
ALLEN, 1931). Some workers have reported, however, that depres- 
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sor responses may occur too (e.g. KaBat, MAGOUN and Ranson, 
1935; THompson and Bacu, 1950). In none of the above-men- 
tioned investigations was any attempt made to analyze the 
peripheral phenomena, and it may well be that stimulation points 
which perhaps gave major changes in the peripheral circulation 
were quite overlooked as vasomotor-active if no change occurred 
in the blood pressure. 

In view of the position of the mesencephalon as an integral 
part of the brain stem, with its numerous pathways, it is not 
surprising that stimulation also affects neurons which activate 
other parts of the sympathetic system than vasomotor components. 
KNoL’s (1869) early observation (made by Ferrier, 1879, too) 
that electrical stimulation of the superior colliculus may produce 
dilatation of the pupil, was verified. As regards the representation 
of other sympathetic functions in this region of the brain, an 
observation by LANGworTHy and RICHTER (1930) is also worthy 
of note; for they were able to activate sweat glands in the paws 
of cats by stimulation in the basal part of the superior colliculus. 
Activation of pilomotor nerves by electrical stimulation immedi- 
ately ventral to the superior and inferior colliculi has also been 
reported (BROWN and SHERRINGTON, 1911). 

Many experiments were conducted with the vagus nerves cut, 
among other things for the purpose of eliminating effects on the 
heart; but even animals with intact vagi seldom presented 
bradycardia, as was reported for instance by Prus (1899). 

Some authors (vide e.g. ALLEN, 1931) have reported a change 
in respiration on stimulation in the region of the superior colli- 
culus. Several animals in the present investigation received 
artificial respiration, so that any effects which stimulation may 
have had on the respiration were not observed there. Having 
regard, for instance, to the similar results in animals with their 
respiration intact and in those artificially respirated, the respira- 
tory effects which sometimes occurred are not likely, however, 
to have influenced the responses appreciably. 

Most of the experiments were, as pointed out above, performed 
under Dial anesthesia. As regards autonomic functions, it is known 
that electrical stimulation in some part of the brain may produce a 
fall of blood pressure or a minor rise under Dial anesthesia, but a 
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distinct rise under e.g. ether anesthesia. The phenomenon was 
described, for instance, by GREEN and Horr (1937) in cortical 
stimulation in cats and monkeys. LANGFORD, BERNHAUT and Horr 
(1954) reported a comparative study in dogs, with similar results, 
in the case of pentobarbital and ether anesthesia respectively. 
The phenomenon in question is not likely to have any qualitative 
significance—as will be seen in sections 4, 5 and 6 mesencephalic 
stimulation activated both vasodilator and vasoconstrictor fibers 
—though it should be borne in mind in quantitative evalua- 
tion of the observations made. (With regard to Dial as an 
anesthetic in neurologic experiments, excitability, etc., vide also 
FuLTON, LippELt and Ruiocn, 1930.) 

The use of a barbiturate as anesthetic in studying the effects of 
activity in cholinergic nerves may seem debatable in view of the 
atropine-like peripheral action of the barbiturate group. Burn 
(1938), in his monograph on sympathetic vasodilator fibers, 
pointed out that barbiturates may have other effects on the 
experimental animal besides the purely anesthetic action. It may 
chiefly be N-methylated barbiturates [Evipan (Bayer) and the 
like], however, that possess atropinelike characteristics (EMMELIN, 
1941). In such respects Dial was not observed to have any draw- 
backs. Similar sympathetic responses to those in the present in- 
vestigation were studied, in stimulation in the medulla oblongata, 
by LinpGrEN and Uvnas (1953b), using different anesthetics 
(Dial and chloralose), but no qualitative differences were detected. 
For the purpose of investigating further the influence of the 
anesthetic, control experiments were performed on acutely de- 
cerebrated animals (section 7), i.e., without any anesthesia what- 
soever. They showed the same results as those in animals anes- 
thetized with Dial. 


2. Character and Magnitude of the Vasodilatation 
in the Skeletal Muscles 
Electrical stimulation in the tectum opticum, 3-5 mm below the 


surface of the superior colliculus, 2-6 mm from the middle line, 
usually resulted in an increase of the blood flow through the 
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skeletal muscles, often without any appreciable change in blood 
pressure. Typical effects are shown, for example, in figure 5. A 
latent period of 4-7 seconds after the start of stimulation was 
followed by an abrupt increase of blood flow, usually amounting 
to 100-300 per cent. 

The maximal magnitude and duration of this increase in flow 
varied with different parameters of stimuli, such as intensity, 
frequency and so on. Major variations from one animal to another 
were observed too. As a general rule, the higher the initial 
vascular tone the greater, relatively speaking, was the increase of 
flow with the same parameters of stimuli. 

Characteristic of those increases of blood flow which were 
shown to be due to vasodilatation in the skeletal muscles was 
the effect that atropine had upon them. Atropinization with 
0.1-0.2 mg per kg completely blocked them and smaller doses 
reduced them. In the present investigation this behavior was taken 
as a criterion that the vasodilatations elicited in different experi- 
ments were of the same character and effected by the same 
mechanism. For vasodilatation may be produced in skeletal 
muscles, as is known, by mechanisms not affected by atropine. 
An example of these is the inhibition of vasoconstrictor tone by 
electrical stimulation in the depressor area of the medulla oblon- 
gata (LINDGREN and Uvnais, 1954 a) or by stimulation of a sinus 
nerve (LINDGREN and Uvnas, 1955). Similarly, vasodilatation 
produced in skeletal muscles by adrenaline is not influenced by 
atropine. (The effect of atropine on the responses elicited is 
discussed further in section 7.) 


Stimulation Voltage 


In the majority of experiments the amplitude of the stimuli 
was equivalent to 1.5 to 3.5 volts. An increase of blood flow 
produced by stimuli of this intensity usually amounted to 100-300 
per cent. It is somewhat difficult, however, quantitatively to 
compare stimulation data with the recorded responses in different 
experimental animals. A better idea of the magnitude of increases 
in blood flow can be obtained by comparing them, in one and the 
same experiment, with other increases produced e.g. by intra- 
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Note the absence of blood pressure reactions, 


arterial injections of acetylcholine. An experiment of this type 
is illustrated in figure 5. A dose as low as 0.1-1 ug produced 
almost a maximal effect in the skeletal muscles of one hind leg. 
A further increase in the dose of acetylcholine did not, as a rule, 
raise the magnitude® of the increase in blood flow appreciably, 
but merely prolonged its duration* somewhat. Stimuli of varying 
intensity produced vasodilator responses of similar appearance. 
The threshold value was about 1.0 volt in this case. A virtually 
maximal increase of flow was brought about at 3.5 volts. A 
further increase of the intensity to 5.0 volts produced no further 
rise in the blood flow. 

Following atropinization, further stimulation no longer gave 
rise to any increase of blood flow. 


Stimulation Frequency 


The frequency of stimuli usually amounted to 70 per second. 
In some cases, the frequency was varied in order to elucidate the 
optimum with respect to the magnitude of the vasodilator res- 
ponses. An experiment of this kind is illustrated in figure 6. With 
the intensity of stimuli (2.5 volts) and duration of individual 
impulses (2 milliseconds) used there, the lower threshold value 
for the frequency was about 20 per second. In other experiments, 
increasing the intensity was found to elicit manifest responses 


' The type of ordinate recorder employed did not give a recording that 
was inversely proportional to the rate of drip. The scales in milliliters per 
minute, given in the figures, are empirical. On the scales have been uni- 
formly marked the values for the velocity of flow, an exponential distribu- 
tion of which has been taken: 2-2, 1.5 x 2-7, 2-4, ...... 1.5 x 23, 24, In figure 5, 
for example, the scale thus became 1.5, 2.0, 3.0, 4.0, 6.0 and 8.0 ml per minute. 

2 As guidance for quantitative evaluation of the circulation in the sectors 
of tissue studied, the following approximate weights may be mentioned 
(cat 3.0 kg): 

Fore paw (to ankle level) 30-35 gm 
Hind «= » ) 40-45 gm 
Skinned foreleg (from ankle to middle of upper arm) 70-80 gm 
Skinned hind leg (_,, thigh) 110-130 gm 

$ By “magnitude of the increase in blood flow” is meant here the differ- 

ence (e.g. in per cent) between the maximum recorded blood flow (during 


temporary vasodilatation) and the initial value. 
4 By “duration of the increase in blood flow” is meant the time elapsing 
between the beginning of the increase and the return to the initial level. 
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Fig. 6. Cat 2.0kg. Dial 50 mg/kg. A. carotis commun. sin. occluded. 


Vasodilator responses in the muscles of the right hind leg to stimulation of 
varying frequency in the right part of the tectum mesencephali. 


1. Stimulation, 10/sec, 2.0 V, 10 sec. Increase of flow —_ 
2. 20 ” ” ” ” ” ” ” 10 9/9 


(Pulse duration 2 msec except in 11, where it was 1 msec.) 


even at a frequency of 5-10 per second. A frequency of 50-70 
per second may be regarded as the lower limit if satisfactory 
effects are to be obtained. The greatest effect in the above- 
mentioned experiment was reached with 120 per second. At fre- 
quencies exceeding about 200 per second the responses decreased. 


Pulse Duration 
Figure 7 shows an experiment designed to illustrate the signi- 
ficance of the individual impulse at a constant frequency—70 per 
second—and intensity of stimuli—2.5 volts. The best results, 
as will be seen, were reached with impulse durations of between 


0.5 and 5 milliseconds. 
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d. Fig. 7. Cat 2.0kg. Dial 50 mg/kg. A. carotis commun. sin. occluded. 


ion of Vasodilator responses in the muscles of the right hind leg to stimulation with 
impulses of varying duration in the right part of the tectum mesencephali. 


1. Stimulation, 0.1 msec. 2.5 V, 10 sec. Increase of flow — 
2 0.2 ” ” ” ” ” ” = 
3. 0.5 ” ” ” ” ” ” ” 90 0 ‘0 
/o 4. 1 ” ” ” ” ” 100 0 
/o es oo 10 ” ” ” ” ” ” ” ” 50 0 0 
/o (Frequency 70/sec except in 7, where it was 35/sec.) 


Duration of Stimulation 


The duration of stimulation was generally between 10 and 20 
0-79 | seconds. With durations shorter than 10 seconds only a minor 
increase in flow resulted. Increasing the duration above 20-30 


story 

‘ain seconds, on the other hand, did not raise either the magnitude 

ia, of the responses or the duration to a corresponding degree. When 

a the stimulation had terminated and, in the case of prolonged 
stimulation, during it, the blood flow returned to the initial level 
within the course of a minute or so. 

igni- 

) per Comment 

sults, The vasodilator responses did not diverge in appearance and 

ween character from those described in hypothalamic stimulation 


(EL1asson, Fotkow, LinDGREN and Uvnas, 1951; Etiasson, Linp- 


4 Percy Lindgren 49 


; 
mm Hg 
120 
L 

4 
0 
/o 
| 


GREN and Uvnas, 1952). The same applied to the variations in 
respect of different intensities and durations of stimuli. 

It is a well-known fact that central structures require more 
powerful electrical stimulation than do peripheral neurons, if 
equivalent peripheral responses are to be obtained. This is espe- 
cially true of the frequency of stimuli. These problems have been 
studied in detail by Pitts et al. (BRONK, Pitts and LarRaBEE, 
1939; Prrrs, LARRABEE and Bronk, 1941; Pitts and Bronk, 
1942). They used stimulation in the hypothalamus and recorded 
the impulse frequency in single preganglionic fibers of the cervical 
sympathetic at varying frequencies and intensities of stimulation. 
It rose with increased frequency of stimuli but, at a moderate 
intensity, did not amount to more than 6 per second when the 
stimuli had a frequency of 100 per second. Similarly, the peri- 
pheral impulse frequency might increase if the intensity of stimuli 
rose (with a constant frequency); variation of the intensity at a 
frequency of 100 per second gave a peripheral variation of 
between 1 per 2 seconds and 10 per second. 

The results reported by these authors, together with the fact 
that increased intensity of stimulation must give a greater spread 
of stimuli and hence involve more neurons, should explain why, 
in the experiments reported here, mounting intensity was associat- 
ed with a greater increase of the blood flow in the muscles. 

Bearing in mind the substantial reduction of the postganglionic 
frequency in relation to the frequency of stimuli, the threshold 
value—5-20 per second—obtained for the latter at a moderate 
intensity also appears to be plausible. It is mentioned above 
(Chapter I) that the impulse frequency in sympathetic post- 
ganglionic vasoconstrictor fibers probably does not exceed 6-8 per 
second under physiological conditions. Similar observations have 
been made as regards sympathetic vasodilator fibers (FoLkow, 
1952). In view of these results and those of Pitts et al. it seems 
reasonable that the optimal frequenc » of mesencephalic stimulation 
(70-150 per second) may cause phy ~ ogically maximal firing of 
postganglionic vasodilator fibers. 

It is not clear why the responses decreased when the frequency 
of stimuli rose above a certain optimum. Several explanations are 
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conceivable. An increase in the frequency of stimuli may result 
in high-frequency block at synapses. Further, the possibility 
must be considered that at higher frequencies polarization may 
occur at the electrode tip, resulting in increased electrode resistance 
and decreased effect of the stimulation (decrease of pulse current). 
In an investigation of rises in blood pressure as a result of stimula- 
tion in the hypothalamus, similar observations regarding a fre- 
quency optimum were made by Hare and GEOHEGAN (1939, 
1941). (The problem of reversal effects is discussed in section 3.) 


An elicited increase of blood flow, as mentioned above, could 
not be maintained during prolonged stimulation. A major cause 
might have been increasing polarization at the electrode. 


3. Character and Magnitude of Other 
Vascular Responses 


Coincidently with increases of flow in the skeletal muscles upon 
stimulation in tectal regions, decreases occurred in other vascular 
areas such as cutaneous and visceral zones. As regards the in- 
fluence of stimulation frequency and duration of impulses, these 
vasoconstrictions showed much the same behavior as the vasodi- 
latation. The variations of vasoconstriction in the skin at different 
frequencies of stimuli are shown in figure 8. 

There was no major deviation, with regard to intensity of 
stimuli, from the data for vasodilatation in the muscles. However, 
at high intensities the more pronounced vasoconstriction in the 
above-mentioned areas was reflected in the blood pressure 
response, pronounced rises being observed. This means that with 
stimuli of high intensity the vasoconstrictor components pre- 
dominated. At the same time, evaluation of the responses was 


made difficult in that the rises of blood pressure became important 


factors in the changes of blood flow. 


As regards the blood pressure response, reversals were observed 
too, as pointed out in section 1. Those falls of blood pressure 
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2,0 


CUTANEOUS 
BLOOD FLOW 
(V. SAPH, MAGN. SIN) 


49 


SIGNAL 
TIME MIN. 


Fig. 8. Cat 4.8kg. Dial 40 mg/kg. Aa. carotides commun. occluded. 


Vasoconstrictor responses in the skin of the left hind leg to stimulation of 
varying frequency in the right part of the tectum mesencephali. 


1. Stimulation, 20/sec, 2.5 V, 10 sec. Decrease of flow 50 °%/o 
0/ 


2. ” » » 9 ” ” » 65 
3. 50/ » » ” ” ” 70 %/o 
4. 70/ ” ” ” 75 %/o 
6. 120/ ” » » ” ” ” 70 %/o 
200/ ” ” ” ” ” ” ” 60 ‘0 
8. 400/ ” ” ” 50 9/9 


(Pulse duration 2 msec except in 8, where it was 1 msec.) 


that sometimes attended the increase of flow in the muscles at 
low intensities of stimuli, almost invariably changed into rises 
when the voltage increased enough. The critical intensity of 
stimulation varied greatly from one animal to another. 


Comment 


In the literature there are occasional reports of reversal effects, 
usually in the case of hypothalamic stimulation; i.e., by varying 
the intensity and frequency of stimuli, a depressor effect may be 
converted into a pressor effect (HARE and GEOHEGAN, 1939, 
1941; Bronx, Pitts and LarraBEE, 1939; Pitts, LARRABEE and 
Bronk, 1941; Pritts and Bronx, 1942; Berry, McKiIntey and 
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Hopes, 1942; McQuEEN, Browne and WALKER, 1954). As regards 
variation of the intensity, similar phenomena were also observed 
in mesencephalic stimulation in the present investigation. 

Since the impulse frequency in the peripheral neurons is 
correlated to both the intensity and frequency of the central 
stimulation, intensity reversal and frequency reversal are closely 
linked to each other. One of the theories propounded to explain 
the frequency reversal is the following: Artificial central stimula- 
tion, regardless of frequency, completely suppresses the spon- 
taneous activity in peripheral sympathetic (vasoconstrictor) fibers. 
If as a result—depending on parameters of stimulation—the 
peripheral impulse frequency is lower than the spontaneous, the 
consequence will be lower vascular tone and a fall of blood 
pressure. If the peripheral impulse frequency is higher, the blood 
pressure will rise. It follows that the critical reversal frequency 
will vary from one case to another and will be dependent on the 
spontaneous vasoconstrictor tone of the animal. These problems 
were discussed more extensively by Str6m (1950 a, b). Since even 
a variation of the stimulation intensity at a constant frequency 
may produce major variations of the peripheral impulse fre- 
quency, the above theory may well explain the intensity reversal 
too. 

However, since both vasoconstrictor and vasodilator neurons are 
now known to exist in the brain stem, it is also conceivable that 
such changes in the blood pressure response could be due to 
interaction between vasoconstrictor and vasodilator activity. The 
present investigation affords no evidence that this interaction 
may consist in activation of the different neurons at different 
parameters of stimulation. On the other hand, the blood pressure 
reversal attending increased intensity of stimulation could be 
explained by postulating a greater spatial extension of vasocon- 


strictor neurons than of vasodilator neurons. In this case it is 
conceivable that with increasing intensity of stimulation, and 
hence spread of stimuli, the number of activated vasoconstrictor 
neurons continues to rise after all vasodilator neurons have come 
within the field of stimulation, so that the relative numbers of 
activated neurons of the two types will change. 
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4. Peripheral Distribution of the Vascular Responses 


Skeletal. Muscles 


There is much to indicate, as discussed below (sections 5 and 7), 
that the increases of blood flow elicited by electrical stimulation 
in tectal regions are due to activation of sympathetic cholinergic 
vasodilator nerves. That the latter may be activated by central 
stimulation was shown by Fotkow, LinpDGREN and 
Uvnas (1951), whose findings were verified in several later in- 
vestigations (ELIASSON, LINDGREN and Uvnas, 1952; LINDGREN 
and Uvnas, 1953 a,b; and others). In these investigations it was 
chiefly cortical, hypothalamic and medullary regions that were 
stimulated. It seems likely, therefore, that in the present experi- 
ments the vasodilatations resulted from stimulation of the 
mesencephalic portion of the intracerebral sympathetic vasodi- 
lator pathway. Stimulation in the anterior hypothalamus of the 
cat elicits, as shown by Ettasson, Fotkow, LINDGREN and Uvnis 
(1951), general vasodilatation in all skeletal muscles, or at all 
events in ail four extremities. On the other hand, activation of 
sympathetic vasodilator neurons in the medulla oblongata elicits 
only unilateral responses (LINDGREN and Uvnis, 1953 b). In view 
of these findings, great interest attaches to the peripheral extension 
of vasodilator responses to mesencephalic stimulation. 

Numerous experiments in the present investigation showed that 
the increases of blood flow occurring in the skeletal muscles on 
stimulation in the tectum opticum were virtually always bilateral. 
They were usually of the same order of magnitude, though 
occasionally a quantitative difference could be observed, the 
responses being somewhat greater in the ipsilateral than in the 
contralateral limbs. A typical experiment is illustrated in figure 9. 
Here the blood flow was recorded concurrently in the two skinned 
hind legs. Stimulation of a point in the right side of the tectum 
mesencephali with 2.5 and 3.0 volts respectively produced marked 
increases of blood flow in both extremities. Of further interest is 
the blood pressure curve. The stimulations (1 and 2 in figure 9) 
were attended by slight rises of blood pressure; otherwise the 
curve is quite regular. After 0.2 mg atropine per kg, which almost 
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Fig. 9. Cat 3.4kg. Dial 50 mg/kg. A. carotis commun. sin. occluded. 
Vasodilator responses in the muscles of both hind legs to stimulation in the 
right part of the tectum mesencephali. 


1. Stimulation, 2.5 V, 15 sec. 3. Atropine 0.2 mg/kg I.V. 
4. Stimulation, 3.0 V, 15 sec. 


completely blocked the vasodilator effect of stimulation, the 
blood pressure response changed. A quite distinct rise of blood 
pressure occurred. The relevant experiment provides no explana- 
tion of this, but it seems plausible to assume that vasoconstrictor 
neurons to other parts of the organism were activated coincidently 
with the vasodilator nerves to the skeletal muscles. After blocking 
of the vasodilator responses with atropine, the vasoconstriction 
was able to manifest itself and affect the blood pressure. 
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Fig. 10. Cat 2.6 kg. Dial 50 mg/kg. 


to stimulation in the right part of the tectum mesencephali. 


” ” 3.0 ” ” 


” ” 3.0 ” 


” ” 
3. Atropine 0.2 mg/kg I.V. 


here, and no such experiments were attempted. 
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A. carotis commun. sin. occluded. Nn. vagi cut. Artificial respiration. 
Vasodilator responses in the muscles of the right hind leg and the right foreleg 


1. Stimulation, 2.0 V, 10 sec. 4. Stimulation, 2.0 V, 10 sec. 


The result of a similar experiment is shown in figure 10, the 
difference being that in this case the blood flow was studied in 
the muscles of one hind leg and the corresponding foreleg. The 
results show that the increases of flow produced in the skeletal 
muscles by mesencephalic stimulation were not local but appeared 
to be generalized; at all events they occurred coincidently in the 
extremity muscles. Other skeletal muscle regions are more difficult 
to isolate for blood flow determination by the method employed 
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In some experiments in which deeper structures in the pons 
were stimulated, characteristic vasodilatation was sometimes 
elicited from there. A noteworthy finding was, however, that 
such effects generally had only an ipsilateral distribution. 


Other Vascular Areas 


The vasodilator responses were often attended by minor pressor 
effects that became more pronounced when the former had been 
blocked with atropine. Sometimes, moreover, an earlier fall of 
blood pressure after atropine was converted into a rise. With a 
view to studying the cause of the pressor effects the blood flow 
in another vascular area was recorded, in several experiments, 
concurrently with the blood flow in the muscles of a leg. Figure 
11 shows the responses in the muscles of the right hind leg and 
in the skin of the left hind paw. The differences in reactions are 
striking. Coincidently with the vasodilatation in the muscles there 
was pronounced constriction of cutaneous vessels. The decrease of 
flow in the skin must obviously have been due to real vaso- 
constriction; for it was unchanged after blocking of the muscle 
vasodilatation with atropine, and could not, therefore, have been 
of compensatory nature. In this case the stimulated point in the 
tectum opticum was 3mm to the right of the midline, and the 
cutaneous blood flow was recorded in the left hind leg. The result 
may suggest that the vasoconstrictor effects in the skin have a 
bilateral distribution, like the vasodilator effects in the muscles. 
The correctness of this assumption is evident from figure 12, 
where the blood flow was recorded in both hind paws. 

Another major vascular area where a decrease of blood 
flow occurred parallel with the increased flow in the skeletal 
muscles was the intestinal region. Observations of intestinal blood 
flow showed that vasoconstriction in this region was at least as 
great as that in the skin (figure 13). 

It seems evident that the vasoconstriction occurring in the skin 
and intestines had an important bearing on the blood pressure 
response; for the skeletal muscles constitute a substantial part of 
the total vascular area, and hence it seems reasonable to assume 
that pronounced vasodilatation there would be manifested in a 
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SIGNAL... 
“TIME. MIN j Time min 
Fig. 11. Cat 2.5 kg. Dial 50 mg/kg. ‘ 
Adrenals removed. Aa. carotides commun. occluded. Artificial respiration. { 
Vasodilator responses in the muscles of the right hind leg and vasoconstrictor 
responses in the skin of the left hind leg to stimulation in the right part of } 1 
the tectum mesencephali. 
1. Stimulation, 3.5 V, 15 sec. 4. Stimulation, 3.5 V, 15 sec. . 
2 ” = ” ” ” ” ” 5 ” — ” »” ” ” ” 
3. Atropine 0.2 mg/kg I.V. 
Note the persisting vasoconstrictor response after atropinization. } 
Fig. 12. Cat 3.4kg. Dial 55 mg/kg. ; 
Vasoconstrictor responses in the skin of both hind legs to stimulation in the 
right part of the tectum mesencephali. 
1. Stimulation, 2.0 V, 10 sec. 
2 ” 15 ” 
Note the reversal of the blood pressure response with increasing voltage and 


duration. 


58 


— 
200 mm Hg 
BLOOD 180 
PRESSURE 160 
"0 PRESSURE 20| 
120 
™ min 
20 
SIGNAL w 
3 
0,25 


ion. 


rictor 
art of 


n the 


and 


BLOOD 
PRESSURE 


MUSCULAR 
BLOOD FLOW 
(Vv FEM DX) 


SIGNAL 


INTESTINAL 
BLOOD FLOW 

{A BRANCH OF 

Vv. MESENTER. SUP) 


SIGNAL 


TIME MIN 


Fig. 13. Cat 2.5kg. Dial 40 mg/kg. 
Aa. carotides commun. occluded. Nn. vagi cut. 


Vasodilator responses in the muscles of the right hind leg and vasoconstrictor 
responses in the intestine to stimulation in the right part of the tectum mesen- 
cephali. 

1. Stimulation, 3.0 V, 10 sec. 3. Atropine 0.2 mg/kg. I.V. 

4. Stimulation, 3.0 V, 10 sec. 


Note the persisting vasoconstrictor response after atropinization. 


distinct fall of blood pressure. With the aim of investigating the 
role of vasoconstriction in the total response, an experiment of the 
following type was conducted (figure 14). After vasodilatation 
had been produced in the hind-leg muscles by mesencephalic 
stimulation, influence from the vascular bed in the intestines was 
eliminated. This was done by functional evisceration consisting 
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Fig. 14. Cat 2.9kg. Dial 55 mg/kg. A. carotis commun. sin. occluded. 
Vasodilator responses in the muscles of the right hind leg to stimulation in 
the right part of the tectum mesencephali before and after evisceration. 

1. Stimulation, 2.5 V, 10 sec. 4. Stimulation, 2.5 V, 10 sec. 

2. Evisceration. 5. Atropine 0.3 mg/kg I.V. 

3. Stimulation, 2.5 V, 10 sec. 6. Stimulation 2.5 V, 10 sec. 


Note the fall of blood pressure on stimulation after evisceration. 


in clamping off the large arteries and veins (superior and inferior | 


mesenteric) with forceps, and likewise the duodenum below the 
pylorus and the rectum a few centimeters above the anus. At the 
start of the experiment the four paws had already been deprived 
of their circulation by tight ligatures above the ankles, in order 
to reduce the cutaneous area. The increase of blood flow in the 
hind-leg muscles was practically unchanged after evisceration. 
However, marked falls of blood pressure now occurred. With the 
elimination of large vascular areas where vasoconstriction might 
occur, the vasodilatation component now predominated. 


Comment 


It is interesting that the apparently general vasodilatation in 
the skeletal muscles was often associated with an equally general 
vasoconstriction in skin and intestines. This implies that the 
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responsive structures in the mesencephalon consisted of both 
vasoconstrictor and vasodilator neurons. It does not necessarily 
follow, however, that with an improved stimulation technique 
the vasodilator neurons would not be stimulated selectively. In 
point of fact it has been reported that vasodilator neurons in the 
canine hypothalamus can be stimulated selectively with the 
technique used here, without coincident vasoconstrictor effects 
(EL1asson, LINDGREN and Uvnas, 1952). In cats, on the other hand, 
hypothalamic stimulation usually brought about a response pat- 
tern of vasodilatation in skeletal muscles and vasoconstriction in 
skin and gut (EL1Asson, Fotkow, LinDGREN and Uvnas, 1951), 
resembling that described here in respect of mesencephalic stimula- 
tion. 

No vasodilatation whatsoever was observed in cutaneous and 
splanchnic areas. The vasodilatation in the skeletal muscles, as 
shown in section 5, was effected by sympathetic vasodilator 
nerves. The results constitute further evidence that such nerves 
are distributed only to that tissue. They confirm, moreover, a 
similar view that FoLkow and Uvnas (1948 b) propounded on the 
basis of the results of peripheral stimulation of sympathetic 


neurons. 


5. Mechanism of the Vasodilator Responses and 
Efferent Pathways of the Vasodilator Impulses 
Having regard to the discussion, which is still going on, as 
to nervous and humoral vasodilatation, the reported vasodilator 


effects in the skeletal muscles require further experimental 


analysis. 


Muscle Activity—Mechanical and Metabolic Factors 


In the present investigation, muscle activity sometimes at- 
tended stimulation in the tectum opticum. Slight and irregular 
activity of this kind could occur in the extremities, notably 
when more ventral structures were stimulated. It is naturally 
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Fig. 15. Cat 2.8kg. Dial 40 mg/kg. A. carotis commun. sin. occluded. 


Vasodilator responses in the muscles of the right hind leg to stimulation in 
the right part of the tectum mesencephali before and after ligation of the 
spinal medulla. 


1. Stimulation, 3.0 V, 15 sec. 5. Stimulation, 3.0 V, 15 sec. 
” 1.0 ” ” ” 6. ” — ” 2.0 ” ” ” 


3. 
4. Lig. of the spinal medulla at Ls. 


Note that the vasodilator responses are unchanged after ligation of the spinal 
medulla. 


conceivable that in such cases the muscle contractions contributed | 
to the increase of blood flow. For the purpose, among other 
things, of excluding this possibility, experiments were conducted 
on animals whose spinal medulla had been ligated at the level 
of L;. Both hind legs had thus been decentralized in the somato- 
motor sense, but had an intact sympathetic innervation. The 
increases of blood flow elicited were unchanged after this opera- 
tion (see figure 15). 


Adrenaline 


It is known that stimulation of some parts of the brain stem, 
e.g. the hypothalamus, may cause activation of the splanchnic 
nerves, followed by secretion of catechols from the adrenals (e.g., 
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Fo.xow and Euter, 1954). Since adrenaline in low concentrations 
has a dilator effect on muscle vessels but a constrictor effect on 
cutaneous and intestinal vessels (FoLKow, Frost and Uvnas, 
1948), it is conceivable that a secretion of adrenaline could give 
rise to, or at all events contribute to, the observed increases of 
blood flow in skeletal muscles. That this mechanism alone lay 
behind the responses is impossible, however, since numerous 
experiments were conducted upon animals in which the adrenals 
had either been removed or denervated (see e.g. figure 16). 
Nevertheless, an increase of the secretion of adrenaline might be 
a contributory factor, albeit a minor one. Figure 17 shows another 
experiment in which one adrenal was eliminated during the 
course of the experiment (the other had been removed at the 
outset). The vasodilator responses in the muscles were, as will be 
seen, fairly unaffected by this measure. (The problem of coin- 
cident adrenal activation is studied further in section 9.) 


Antidromic Vasodilator Impulses in the Dorsal Roots 


In recent years a number of observations have been made 
which show unequivocally that antidromic vasodilator impulses 
play no part whatsoever in central vasomotor control (FoLkow, 
StrOM and Uvnas, 1950; LinpGreN and Uvnas, 1954a). The 
results of the reported experiment (figure 15) in which the spinal 
medulla was ligated at L; exclude the antidromic vasodilator 
impulses, too, from the discussion. 


Inhibition of the Tone of Sympathetic Vasoconstrictor Nerves 

This problem has a close bearing upon the significance of the 
baroceptor mechanisms in the responses described. It has been 
mentioned in the foregoing (see e.g. section 1) that the blood 
pressure response to stimulation which increased the blood flow 
in the muscles, often consisted in a rise due to predominance of 
the coincident vasoconstrictions in the cutaneous and splanchnic 
areas. In these cases the muscle vasodilatation might, therefore, 
have resulted partly from activation of the baroceptor mecha- 
nisms. However, several of the reported experiments show that 
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baroceptors have been functionally eliminated (bilateral vagotomy 
and bilateral denervation of the carotid sinus or occlusion of both 
carotid arteries) (see e.g. figure 13). In point of fact, the recorded 
increases of blood flow in such cases were often greater, since 
vasoconstrictor tone rose and the blood pressure adjusted itself 
at a higher level. The baroceptor mechanisms accordingly seem 
to have had no qualitative influence on the observed vasodilata- 
tions. The role of these mechanisms will be discussed, however, 
in greater detail later on (Chapter V: 2). 

The blocking effect of atropine, as mentioned in the foregoing, 
was taken as a criterion that the increases of blood flow elicited 
in the skeletal muscles by mesencephalic stimulation were of uni- 
form type. Such an effect of atropine may be seen in a number 
of the experiments illustrated. In the doses employed—0.1-0.3 mg 
per kg—atropine has only peripheral effects and, according to 
earlier investigations, no influence on known types of vasocon- 
strictor inhibition, such as depressor reflexes caused by sinus or 
vagus nerve activation (LINDGREN and Uvnais, 1955), or depressor 
responses following direct electrical stimulation of inhibitory 
structures in the medulla oblongata (LinpGREN and Uvnis 
1954 a). 

Vasodilatation resulting from inhibition of constrictor tone was 
blocked by sympatholytic substances—for instance, in reflex 
vasodilatation at baroceptor activation (Fotkow and Uvnas, 
1948b; CeELANDER and Fotkow, 1951). The vasodilatation 
elicited in skeletal muscles by mesencephalic stimulation was not, 
as shown in figure 24, influenced by Dihydroergotamine. 


Hence there is no plausible reason to assume that the vaso- 
dilator responses in question here resulted from inhibition of the 
activity in vasoconstrictor nerves. 


Sympathetic Vasodilator Nerves 


In the aforementioned experiment (figure 15) in which the 
spinal medulla was ligated at the level of L;, the sympathetic 
chain was the only nervous communication between the central 
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nervous system and those peripheral organs in which the increase 
of blood flow occurred—the skeletal muscles of the hind legs. The 
sympathetic chain, therefore, probably contains fibers that mediate 
the impulses from the mesencephalon to the periphery. If such 
be the case, an experiment of the opposite type might be con- 
ducted in order to investigate this question further. If the experi- 
mental animal retains the somatic innervation to the hind legs 
intact, but is deprived of the autonomic, i.e. sympathetic innerva- 
tion to one hind leg, then, if this hypothesis is correct, no vaso- 
dilatation will occur in the sympathectomized limb. It would be 
difficult, however, to draw any definite conclusions from studies 
of the circulation in an acutely sympathectomized organ; for 
when the blood vessels are deprived of their tonic vasoconstrictor 
innervation the result will be a substantially increased blood 
flow. This is bound to impair greatly the ability of the blood 
vessels to respond to any vasodilator impulses. The vessels, it is 
true, will regain a part of their original tone fairly soon, but the 
time required for this may vary greatly from one animal to 
another. For such experiments, chronically sympathectomized 
animals were used instead, the operation usually being done 10-14 
days before the acute experiment; for in this case the vessels have 
regained their normal tone and the blood flow has returned to 
its original level. 

One of these experiments is illustrated in figure 16. The left 
hind leg had been sympathectomized 13 days previously by 
removal of the ipsilateral sympathetic chain in the abdomen. As 
in several other experiments, bilateral adrenalectomy was done 
at the outset. The venous blood flow was recorded in the usual 
way in each of the skinned hind legs. The initial blood-flow 
levels, as will be seen, were approximately the same in both legs. 
Stimulation in the tectum opticum on the right side, 3 mm from 
the middle line, elicited a pronounced increase of flow in the 
muscles of the right leg; but in the left leg there was a minor 
decrease. This finding can probably be attributed to purely 
mechanical causes. Although the blood pressure recorded in the 
carotid artery was fairly constant—at all events no fall was 
observed parallel with the stimulation—the blood pressure in the 
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Fig. 16. Cat 3.3 kg. Dial 50 mg/kg. 

Left hind leg sympathectomized 13 days before the experiment. mt 
Adrenals denervated. A. carotis commun. sin. occluded. fre 
Vasodilator responses in the muscles of the right hind leg to stimulation in see 
the right part of the tectum mesencephali. m; 
1. Stimulation, 3.0 V, 10 sec. 3. Atropine 2.0 mg/kg. I.V. hil 
a a 4. Stimulation, 2.0 V, 10 sec. Th 


Note that no vasodilatation occurred in the sympathectomized left leg. 
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distal part of the aorta had probably fallen on account of the 
pronounced muscle vasodilatation. Since the blood flow in the 
(vasomotor) denervated leg passively coincided, to a large extent, 
with the arterial pressure, it seems plausible to regard the transient 
diminution of flow as a temporary blood pressure fall in the left 
femoral artery. When the stimulation was repeated with some- 
what lesser intensity, so that the muscle vasodilatation was not so 
extensive, no decrease of flow occurred in the sympathectomized 
leg. The slight increase of flow in that leg upon stimulation 
after atropinization may have been passive to the rise of 
blood pressure. 

It would thus be justified to claim that the reported increases 
of blood flow in the skeletal muscles were the results of nervous 
activity involving the sympathetic nervous system, and that 
they were produced by activity in sympathetic vasodilator nerves. 


Comment 


On the one hand, it is not surprising that the observed in- 
creases of blood flow in the skeletal muscles, as shown by the 
foregoing investigation, cannot be explained other than by 
activity in sympathetic vasodilator nerves. For the same conclu- 
sion was re-ched by Etrasson, FotKow, LINDGREN and Uvnas 
(1951) and Exrasson, LinpGrREN and Uvnas (1952) with regard 
to similar responses to stimulation in the anterior hypothalamus, 
from which the efferent pathways must obviously pass the 
mesencephalon. 

On the other hand, this special vasodilator system to skeletal 
muscle means that vasodilatation in that tissue can be elicited, 
from central structures, in two ways—a circumstance that may 
seem somewhat bewildering. In the first place, vasodilator nerves 
may be activated, and secondly vasoconstrictor tone may be in- 
hibited, as LinpGREN and Uvnas (1955) have also pointed out. 
The significance of this was discussed by those authors, -and the 
functional implications of the two mechanisms’ will ‘also be 
discussed further in Chapters V and VI. . 
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6. Mechanism of the Vasoconstrictor Responses and 


Efferent Pathways of the Vasoconstrictor Impulses 


The only generally recognized vasoconstrictor nerves are those | 


referable to the sympathetic outflow. According to the findings 
reported above, the decreases of blood flow in skin and intestines 
following mesencephalic stimulation were caused by active vaso- 
constriction. In view of the uniformity of the vasoconstrictor 
system, the question of how this vasoconstriction was effected 
can be answered only in two ways: An increase of tone in vaso- 
constrictor nerves, or secretion of catechols from the adrenals. The 
possibility that the last-named factor may play a major part in 


the observed changes of blood flow has already been ruled out | 


insofar as the vasodilator responses in the muscles are concerned. 
The same is probably true of the vasoconstrictions in other 
vascular areas. Usually elimination of the adrenals, as will be 
seen from figure 17, did not appreciably affect the decrease of 
blood flow in the skin. This decrease must therefore be attributed 
chiefly to impulses in the sympathetic vasoconstrictor nerves. In 
other experiments there was a slight reduction of the vaso- 
constrictor responses after elimination of the adrenals (figure 28). 


Comment 


In section 4, attention was drawn to various reasons why the 


observed vasoconstrictor responses were genuine effects of stimula- ! 


tion—i.e., activation of mesencephalic vasoconstrictor neurons— 
and not of secondary compeiisatory nature via the baroceptor 
mechanisms. It is important to be able to exclude these latter 
mechanisms, for EL1Asson, LINDGREN and Uvnas (1952) reported 
that such effects often attended selective vasodilator activation 
by stimulation in the hypothalamus. Their experiments were 
performed on dogs, and the vasodilator responses were frequently 
accompanied by substantial falls of blood pressure. In cats, on the 
other hand, falls of blood pressure are less common in central 
activation of sympathetic vasodilator fibers, both in hypothalamic 
stimulation (EL1AssoN, Forkow, LinpGREN and Uvnas, 1951; 
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Fig. 17. Cat 2.5kg. Dial 50 mg/kg. 
Left adrenal removed. Aa. carotides commun. occluded. 


Vasodilator responses in the muscles of the right hind leg and vasoconstrictor 
responses in the left hind leg before and after removal of the right adrenal. 


1. Stimulation, 3.0 V, 10 sec. 4. Stimulation, 3.0 V, 10 sec. 


” ” ” ” ” 


3. Right adrenal removed. 
Note that the vasomotor responses are practically unchanged after removal 
of the right adrenal. 


Fotkow and GERNANDT, 1952) and in mesencephalic stimulation 
—a finding that points to coincident vasoconstrictor activation. 
(The role of the baroceptor mechanisms will be discussed further 
in Chapter V: 2.) 

It has emerged, too, that the adrenals play only an inconsider- 
able role in the vasoconstrictor responses. (In section 9, further 
light is thrown on the problem of adrenal activation in mesen- 
cephalic stimulation.) 
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7. Peripheral Transmission of the 
Vasodilator Impulses 


The designations “adrenergic” and “cholinergic” for sympa- 
thetic fibers were introduced by Date (1934). With respect to the 
transmission at sympathetic vasodilator nerve endings, a spirited 
discussion has since been going on. The distribution of the two 
types has been considered to vary in different species of animals. 
The cat has been regarded as having both adrenergic and choliner- 
gic vasodilator fibers (BULBRING and BurN, 1935; RosENBLUETH 
and CaANNoNn, 1935). The entire problem complex of adrenergic 
vasodilator nerves has been the subject of further extensive 
investigations in recent years and many authors, as mentioned in 
Chapter I, now doubt the existence of them (for references, 
vide Fotkow and Uvnis, 1950). 

Of particular interest are some observations by Forkovw, 
Hagcer and Uvnis (1948) and Fotkow and Uvnis (1950). They 
found that stimulation of the sympathetic chain in the abdomen 
elicited an increase of blood flow in the muscles of the hind legs 
of ergotaminized cats. Eserine potentiated and atropine blocked 
the effects. A substance with acetylcholine-like properties was 
demonstrable in perfusate. On the other hand the same authors 
absolutely disputed the existence of adrenergic vasodilator fibers. 


No evidence of central representation of sympathetic adrenergic | 


vasodilator nerves seems to have been presented. But it has been 
shown, as mentioned above, that electrical stimulation in the 
hypothalamus and medulla oblongata may activate sympathetic 
dilator nerves, probably of cholinergic type, to the muscles in the 
cat (ELIASSON, Fotkow, LinDGREN and Uvnis, 1951; LinpDGREN 
and Uvnis, 1953 b). These authors adduced, as evidence of the 
cholinergic transmission, the effect of atropine, whose blocking 
action on responses due to activity in cholinergic vasodilator 
nerves was well-known from experiments with peripheral stimula- 
tion. 


Effect of Atropine 


In the present investigation, too, the blocking effect of atropine 
was taken as a characteristic of the vasodilator effects. In order 
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to throw further light on the antagonistic influence of atropine, 
it was investigated, even quantitatively, in a series of experiments. 
The result of one such experiment is shown in figure 18. Repeated 
stimulation in the mesencephalon produced, with mounting degrees 
of atropinization, decreasingly small increases of the flow from 
the muscles of the right hind leg. Even a comparatively small 
dose—0.01 mg atropine per kg—had a significant effect, reducing 
the increase of flow from 250 to 100 per cent. After 0.03 mg per 
kg the same stimulation produced an increase of flow amounting 
to 50 per cent. After further atropinization with a total of 0.18 
mg per kg, renewed stimulation evoked only a minimal increase 
of flow, which probably was not due to active vasodilatation 
but was passive to the slight rise in blood pressure. Other experi- 
ments of similar type showed that the lower limit for a demon- 
strable effect of atropine on increases of blood flow under stimula- 
tion of medium intensity, was 0.005-0.01 mg per kg. Almost 
complete blocking was reached in most cases with 0.1-0.3 mg per 
kg, even when stimuli of high intensity were used. (It should be 
mentioned that in these experiments adrenalectomy had been 
done in order to preclude any possibility of effects from secreted 
adrenaline and noradrenaline.) 

If increases of blood flow are suspected to have been caused 
by activity in cholinergic nerves, then it will be of interest to 
compare them with increases produced by intra-arterial injection 
of acetylcholine (see figure 5). It emerged that almost a maximal 
effect in one hind leg could be attained by intra-arterial injection 
of 0.1-1 «g acetylcholine. An increase of flow in the muscles, 
produced in this way, can be reduced or blocked by such doses 
of atropine that, similarly, influence an increase of flow resulting 
from mesencephalic stimulation. Figure 19 shows how the effect 
of 0.25 ug acetylcholine, injected into the femoral artery, was 
reduced by mounting doses of atropine. After 0.18 mg atropine 
per kg, 0.25 ug acetylcholine, which in an intact animal increased 
the blood flow by 180 per cent, no longer had any effect. If, on 
the other hand, the amount of acetylcholine injected was raised, 
substantially larger doses of atropine were required for complete 
block. To produce total inhibition of the increase of blood flow 
after e.g. 10g acetylcholine, 2-4mg atropine per kg was 


required, i.e., a very large dose. 
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Fig. 18. Cat 3.4kg. Dial 45 mg/kg. 
Adrenals removed. A. carotis commun. sin. occluded. Nn. vagi cut. 


Vasodilator responses in the muscles of the right hind leg to stimulation in the 
right part of the tectum mesencephali. Effect of increasing doses of atropine. 


1. Stimulation, 2.5 V, 10 sec. Increase of flow 250° 
2. Atropine 0.01 mg/kg I.V. 
3. Stimulation, 2.5 V, 10 sec. aes 109 %’o 
4. Atropine 0.01 mg/kg I.V. 
5. Stimulation, 2.5 V, 10 sec. 60 %% 
6. Atropine 0.01 mg/kg I.V. 
7. Stimulation, 2.5 V, 10 sec. 50 %/o 
8. Atropine 0.05 mg/kg I.V. 
9. Stimulation, 2.5 V, 10 sec. gp 
10 99 ” ” < 20 °%0 
11. Atropine 0.10 mg/kg I.V. 
12. Stimulation, 2.5 V, 10 sec. 


To the assumption that atropine blocks the effect on the muscle 
blood flow in mesensephalic stimulation because of a peripheral 
cholinergic transmission mechanism, the objection may naturally 
be raised that the action of atropine could be central. However, 
the doses employed here were so small that such an explanation 
is most unlikely. In order to rule out this possibility that part 
of the atropine effect might be central, two cross-circulation 
experiments were conducted. Here an isolated hind leg was per- 
fused with blood from another animal; only the nervous pathway, 
the ischiatic nerve, was intact. In these experiments vasodilatation 
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Fig. 19. Cat 3.0kg. Dial 40 mg/kg. 


Vasodilator responses in the muscles of the right hind leg to intra-arterial 
(a.fem.dx.) injections of acetylcholine. Effect of increasing doses of atropine. 


1. Acetylcholine 0.25 ug, 0.05ml, I.A. Increase of flow 180 %o 
2. Atropine 0.01 mg/kg I.V. 
3. Acetylcholine 0.25 ug, 0.05 ml, I.A. ae Gs 90 %/o 
4. Atropine 0.02 mg/kg I.V. 
5. Acetylcholine 0.25 ug, 0.05 ml, I.A. a ae 60 °/o 
6. Atropine 0.05 mg/kg I.V. 
7. Acetylcholine 0.25 ug, 0.05 ml, I.A. 30 %o 
8. Atropine 0.10 mg/kg I.V. 
9. Acetylcholine 0.25 ug, 0.05 ml, I.A. 
10. Saline 0.05 ml I.A. 


was elicited in the muscles by the usual mesencephalic stimula- 
tion. The blood flow in the two hind legs was recorded separately, 
the left leg being intact and the right one isolated and perfused 
from the donor cat (figure 20). Atropine in a dose of 0.2 mg per 
kg in the donor animal totally abolished the vasodilatation in 
the right leg but the responses in the left one remained unchanged. 

In order to find out whether the atropine effect was 
dependent on the anesthesia, acutely decerebrated animals were 
also subjected to stimulation experiments. Decerebration was 
done under ether anesthesia. Blood pressure, vascular tone 
and blood flow were found to be of approximately the 
same type as in anesthetized animals. Similarly, the increases 
of blood flow on mesencephalic or bulbar stimulation (in these 
animals it was simplest, for technical reasons, to apply the stimuli 
caudal to the mesencephalon) had the same character, and the 
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Fig. 20. Cross-circulation. 
Recipient cat 3.3 kg. Dial 45 mg/kg. 
Donor cat 2.6 kg. Dial 45 mg/kg. Aa. carotides commun. occluded. 


Vasodilator responses in the muscles of the left (not cross-circulated) and right 
(cross-circulated) hind legs to stimulation in the right part of the tectum 
mesencephali. 
1. Stimulation, 2.0 V, 10 sec. 4. Stimulation, 2.0 V, 10 sec. 
3. Atropine 0.1 mg/kg I.V. to the donor. 
Note the disappearance of the vasodilator responses in the cross-circulated leg 
after atropine. 


effect of atropine was unchanged. Figure 21 shows an experi- 
ment of this kind in which stimulation was given in the pons— 
which explains why the responses were unilateral. 
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Fig. 21. Cat 2.6kg. Decerebration 2 hours before the experiment. 
A. carotis commun. sin. occluded. 


Vasodilator responses in the muscles of the left hind leg to stimulation in 
the left part of the medulla oblongata. 

1. Stimulation, 2.0 V, 15 sec. 4. Stimulation, 2.0 V, 15 sec. 

2 5. 


&e ” = ” ” ” ” ” » ” ” ” ” 

3. Atropine 0.1 mg/kg I.V. 

Note that the vasodilator responses and the effect of atropine in an unanes- 
thetized decerebrate cat are similar to the effects in cats under anesthesia. 


Effect of Eserine 


Cholinesterase-inhibiting substances have also been used earlier 
for investigation of the chemical nature of a transmission 
mechanism. These substances potentiate responses via sympathetic 
vasodilator nerves activated by stimulation of the sympathetic 
chain (ROSENBLUETH and CANNON, 1935; FotkKow, HagGER and 
Uvnas, 1948). It seemed plausible, therefore, to study the effect 
of such substances on the vasodilatations observed in this investi- 
gation. A reversible cholinesterase inhibitor—eserine—was chosen, 
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responses. 


ote the potentiating effect of eserine and the large doses of atropine necessary for abolishing the vasodilator 


partly because it had been used by earlier workers in studies of 
the transmission mechanism of sympathetic vasodilator nerves. 
However, these attempts to demonstrate the effect of eserine 
encountered several difficulties. One of them was that of so 
adjusting the intensity of stimuli that distinct and duplicable 
vasodilatation would be obtained, yet would still be of as small 
an extent as possible; for with the intensities usually employed, 
the increases of blood flow were so great that no demonstrable 
rise in them could be expected. Figure 22 shows the effect of 
eserine, 0.1 mg per kg, on vasodilatation resulting from mesen- 
cephalic stimulation. The stimulation intensity of 1.25 volts was 
close to the threshold value. The increase of flow before admini- 
stration of eserine amounted to about 50 per cent. After eserine, 
repeated stimulation at the same point in the mesencephalon and 
with the same intensity, evoked progressively greater increases of 
blood flow. The effect of eserine, it will be noted, came com- 
paratively slowly. Eight minutes after completion of the injec- 
tion—the eserine was administered intravenously, diluted in 5 cc 
of 0.9 per cent saline, during the course of about one minute—the 
response to stimulation was an increase of 130 per cent, and after 
17 minutes it amounted to 260 per cent. Even the blood pressure 
response to stimulation showed a marked change. At the start of 
the experiment a minor rise of blood pressure occurred; but as the 
eserine exerted its effect, so did this rise change to a fairly 
substantial fall of blood pressure as a result of the pronounced 
decrease in peripheral resistance. In considering the fact that this 
latter decrease, in the skeletal muscles, was so conspicuously 
reflected in the blood pressure response, it must also be borne in 
mind that the weak intensity of stimulation probably did not 
excite any major number of vasoconstrictor neurons to other 
vascular areas. In this way the muscular vasodilatation came to 
be the predominant component of the response pattern. The dose 
of atropine—0.2 mg per kg—that usually sufficed to block the 
vasodilatation completely, in this experiment had a_ reducing 
effect only about one-tenth of that it would have shown in a non- 
eserinized animal. Not until the cat had received a total of 1.0 mg 
atropine per kg was the vasodilatation virtually blocked. 
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Fig. 23. Cross-circulation. c 
Recipient cat 3.3 kg. Dial 50 mg/kg. Aa. carotides commun. occluded. 7 
Donor cat 3.0 kg. Dial 50 mg/kg. A. carotis commun. sin. occluded. 
Vasodilator responses in the muscles of the left (not cross-circulated) and ' 
right (cross-circulated) hind legs. Effect of eserine on the vasodilator responses t 
in the cross-circulated leg. i 
. Stim., 1.5 V, 15 sec. Increase of flow, left 30°/o, right 30 %/o l 
. Eserine 0.1 mg/kg I.V. to the donor. b 
. Stim., 1.5 V, 15 sec. Increase of flow, left 30%/o, right 50 %o 
. Atropine 0.3 mg/kg I.V. to the donor. li 
Stim., 1.5 V, 15 sec. Increase of flow, left 30/0, right 40 °%o 4 
Atropine 0.5 mg/kg I.V. to the donor. 
Stim., 2.0 V, 15 sec. Increase of flow, left 60°/o, right < 20/0 ® 
Atropine 0.2 mg/kg I.V. to the recipient. t 
Stim., 2.0 V, 15 sec. Increase of flow, left , right < 20°%o a 


rar, 
ied 
BLOOD 
140 
PRESSURE 
(RECIPIENT) 
SAUSCULAR ‘ 
3 10 2 
TIME MIN 
BLOOD 
PRES: 
(pono 
MUST: 
81.000) 
tv FE 
SIGNAL 
TIME 
¥ 


ared 


? 


In order to throw further light on the potentiating effect of 
this anticholinesterase, eserine, cross-circulation experiments were 
conducted with the aim of studying the. peripheral effect directly 
(figure 23). The same type of cross-circulation technique was used 
as that in studies of the peripheral effect of atropine. Numbers 
1 and 2 in figure 23 show vasodilatation in the skeletal muscles 
of the two hind legs, the right one perfused by blood from the 
donor cat. Two different intensities of stimuli were used—1.5 and 
2.0 volts respectively. After administration of eserine in the donor 
animal, further stimulation elicited mounting increases of blood 
flow in the right leg. The responses in the left leg, which was not 
cross-circulated, were virtually unchanged. The increase of flow 
in the right leg before eserine was about 30 per cent (1 in figure 
23) at a stimulation intensity of 1.5 volts; under the full action 
of eserine it amounted to 100 per cent, or in other words was 
trebled. The corresponding figures at a stimulation intensity of 
2.0 volts were 60 and 110 per cent respectively. A plausible reason 
why the response in this case was only doubled is that at the 
higher intensity more vasodilator neurons were activated and the 
post-ganglionic fibers were caused to fire more frequently (see 
section 2), so that a relatively large part of the dilatation 
capacity of the vascular area was already utilized before eserini- 
zation. At the higher stimulation intensity it was difficult with 
atropine to block the vasodilatation completely. After administra- 
tion of 1.0mg atropine per kg in the donor animal, a slight 
increase of flow persisted (11 in figure 23). In the intact left 
leg, on the other hand, the corresponding response was totally 
blocked by 0.2 mg atropine per kg. 


Comment 


Atropine is known to have a blocking action on the muscarine- 
like effects of acetylcholine. This circumstance has often played 
a major role in discussion of the transmitter substance at auto- 
nomic nerve endings. If atropine has been capable of blocking 
the effects produced by activity in such nerves, it has been taken 
as evidence of a cholinergic transmission. Yet the problem com- 
plex of atropine block of cholinergic transmission is somewhat 
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intricate, for autonomic effects have also been described in which 
other factors have strongly suggested a cholinergic transmission 
but which have not been influenced by atropine. Thus the chorda 
tympani and the lingual nerve are considered to have vasodilator 
fibers of cholinergic type to the tongue; fox electrical stimulation 
elicits considerable vasodilatation in the tongue and the appear- 
ance of acetylcholine in venous blood or perfusate (FELDBERG, 
1933). The responses cannot be blocked by atropine (also verified 
by Erict and Uvnas, 1952). 

The sympathetic vasodilator nerves are today thought to be 
exclusively cholinergic, and in general their effects can be block- 
ed by atropine. However, under some conditions—if the experi- 
mental animal has received Dibenamine as a sympatholytic— 
atropine has this effect only in some cases (FoLkKow, HAEGER 
and Uvnas, 1948; Fotkow and Uvnis, 1950). Other sympatholy- 
tics, such as Dihydroergotamine, do not influence the atropine 
block. This phenomenon still remains to be elucidated. 

We thus arrive at the following conclusions: No other 
transmission mechanism at autonomic nerve terminals is known, 
than the cholinergic one which is blocked by atropine; but there 
exists a cholinergic transmission at autonomic nerve endings which 
is not blocked by atropine. 

The observed vasodilatation evoked in skeletal muscles by 
mesencephalic stimulation could virtually always be blocked with 
atropine. Cross-circulation experiments showed the action of 
atropine to be peripheral. This finding alone should thus warrant 
the conslusion that the peripheral transmission of the activated 
sympathetic vasodilator fibers was cholinergic. 

As mentioned above, it has long been known that vasodilata- 
tion resulting from peripheral stimulation of sympathetic vaso- 
dilator nerves could be potentiated by eserine, which inhibits the 
enzymatic breakdown of acetylcholine (RosENBLUETH and Can- 
NON, 1935; Forkow, HarGer and Uvnas, 1948). It is not sur- 
prising, therefore, that the same results have been obtained in 
activation of such nerves by stimulation of central structures— 
this had never before been demonstrated. 


80 


“atte 


att 
det 
du 
we 
du 
10 
Re 

th 
the 
pa 
va 
pre 
If 
va 
the 
flo 
BRI 
ble 
che 
me 
pa 
che 
A 
sO 
sO 
vas 

tha 

= 6 


In order to show the cholinergic transmission more directly, 
attempts might have been made in perfusion experiments to 
demonstrate acetylcholine in perfusate from skeletal muscles 
during mesencephalic stimulation. However, no such experiments 
were conducted, partly due to the difficulty of increasing the 
duration of the responses by raising that of stimulation above 
10-20 seconds (see section 2). 


8. Action of a Sympatholytic Drug on the Vasodilator 
Responses in the Muscles and on the Vasoconstrictor 
Responses in the Skin 


Sympatholytic drugs have often been used for demonstrating 
the increase of b’ood flow in skeletal muscles on stimulation of 
the sympathetic vasomotor outflow, e.g. the abdominal sym- 
pathetic chain. For in such stimulation both vasoconstrictor and 
vasodilator fibers are activated, the effect of the former usually 
predominating, unless a special stimulation technique is employed. 
If a sympatholytic is administered to the animal, the effect of 
vasoconstrictor impulses will be reduced or blocked and that of 
the vasodilator impulses will then produce an increase of blood 
flow (e.g. Date, 1913; Ros—ENBLUETH and CANNON, 1935; BuL- 
BRING and Burn, 1935). For sympatholytics of ergotamine type 
block an adrenergic transmission mechanism but do not affect a 
cholinergic one. 

Having regard to the complex vasomotor response pattern in 
mesencephalic stimulation of the type described here, it was worth 
while studying what effect a sympatholytic might have on that 
pattern and its various components. Dihydroergotamine was 
chosen as the sympatholytic, since it is one of the least toxic. 
A contributory reason for this choice was the observation that 
some sympatholytics, such as ergotamine and Dibenamine, in 
some way influence the blocking effect of atropine on sympathetic 
vasodilator responses, whereas Dihydroergotamine does not have 
that property (Fotkow, Hagcer and Uvnas, 1948; Fotkow and 
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Fig. 24. Cat 2.2kg. Dial 50 mg/kg. 

Vasodilator responses in the muscles of the right hind leg and vasoconstrictor 
responses in the skin of the left hind leg to stimulation in the right part of 
the tectum mesencephali before and after Dihydroergotamine. 

1. Stimulation, 2.5 V, 15 sec. 4. Atropine 0.1 mg/kg I.V. 

2. Dihydroergotamine 0.5 mg/kg I.V. 5. Stimulation, 2.5 V, 20 sec. 

3. Stimulation, 2.5 V, 15 sec. 
Note the disappearance of vasoconstrictor response in the skin after Dihydro- 
ergotamine. The vasodilator responses in the muscles are uninfluenced. 


Uvnis, 1950). Figure 24 shows an experiment of this kind. From 
the right hind leg the muscle blood flow was recorded in the 
femoral vein; from the left, the cutaneous blood flow in the long 
saphenous vein. Mesencephalic stimulation was done in the usual 
way and produced the usual responses consisting of vasodilatation 
in the muscles and vasoconstriction in the skin (1 in figure 24). 
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The blood pressure response consisted of a minor, though fully 
distinct rise. After Dihydroergotamine 0.5 mg per kg, administered 
intravenously during the course of a few minutes, the response 
pattern was changed. The cutaneous vasoconstriction was quite 
absent but the vasodilatation in the muscles persisted. The magni- 
tude of the increase of flow was unchanged, but after stimulation 
had ceased there was a somewhat longer interval before the blood 
flow returned to its initial level. As a sign of the absence of 
vasoconstriction there was an abrupt fall of blood pressure 
amounting to 20-30 mm Hg, or as great as the earlier rise. The 
dose of Dihydroergotamine used did not influence the effect of 
atropine, of which 0.2 mg per kg almost totally blocked the vaso- 
dilatation. 

The effect of Dihydroergotamine on the intestinal vaso- 
constrictions was not studied, but probably those too were 
blocked. For instance, the fall of blood pressure on stimulation 
after Dihydroergotamine in the reported experiment suggested 
that all vasoconstrictor effects were abolished. 


Comment 


The action of sympatholytic ergot drugs on the circulatory 
apparatus is exceedingly complex. Since these substances have 
several different effects, their action on vasomotor responses is 
often difficult to elucidate. In the first place they produce a 
central effect: reduction of the activity of the vasomotor center 
with blocking of various reflexes, as for instance baroceptor ones. 
Secondly, they have a sympathoadrenolytic effect; and thirdly, 
they exert a direct contracting effect on the smooth muscle of the 
vascular walls (vide e.g. ROTHLIN, 1946, 1947; GuGGISBERG, 
1954). 

Stimulation of, for example, the abdominal sympathetic in an 
ergotized animal (dog or cat) produces, as mentioned in the 
foregoing, an increase of the blood flow in the hind legs, due to 
blocking of the effect of the vasoconstrictor impulses but not of 
the vasodilator ones. The results of this investigation show that 
even central activation of sympathetic vasodilator nerves in an 
animal given Dihydroergotamine induced an increase of flow. 
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not give rise to any decrease of flow. The exact localization of the 
blocking action of the drug in this case is not fully clear. It may 
be central, either in the stimulated mesencephalic structure or in 
more caudal parts of the brain stem and spinal medulla. It may 
also be peripheral, of sympatholytic type. Probably, both mecha- 
nisms have an influence. Dihydroergotamine is known to have a 
pronounced sympatholytic effect, and the dose employed is suffi- 
cient to block the adrenergic transmission mechanism in peripheral 
stimulation of the sympathetic outflow (LINDGREN and Uvnas, 
unpublished observations). 


9. The Role of the Adrenals in the Vascular 
Reaction Pattern 


Extirpation or denervation of the adrenals was done in a 
number of the experiments described in the foregoing. Such 
measures precluded the possibility of the observed responses 
being due to, or influenced by, adrenal medullary hormones. If, 
however, it is desired to elucidate this possible component of the 
reaction pattern, several modes of approach are available. In 
this investigation the possible presence of secreted hormones was 
studied on the basis of phenomena within the experimental animal 
itself. One advantage of this mode of procedure is that the 
responses can be read immediately. 

It is mainly the following factors that may conceivably in- 
fluence the blood flow in a vascular area deprived of its vaso- 
motor innervation: (1) The intrinsic vascular tone; (2) mechanical 
factors such as muscular movements; (3) arterial blood pressure; 
(4) the venous pressure; (5) local humoral factors such as various 
metabolites; and (6) blood-borne vaso-active substances. Several 
of these factors are probably either fairly constant (intrinsic 
vascular tone, local metabolites) during a short phase of an acute 
experiment, or can be recorded or observed, and hence checked 
(blood pressure, venous pressure, and muscular movements). 
Blood-borne vaso-active substances may be of varying origin: 
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they could be hormones from the adrenal medulla, or circulating 
transmitter substances from peripheral nerve terminals notably 
of the autonomic system. This lastnamed possibility was specially 
studied by CANNON and his associates (for references, see the 
monographs by CANNON and ROsENBLUETH, 1937 and 1949). 
However, in the opinion of many authors, such remote effects 
seldom occur under physiologic conditions, and when they do so 
they are of quite negligible magnitude compared with other 
sympathetic effector mechanisms (vide CELANDER, 1954). The 
principal source accordingly seems to be the adrenal medulla. 

A characteristic of blood vessels deprived of their vasomotor 
innervation is the supersensitivity to various drugs that develops 
after a short time. This phenomenon is of fundamental importance 
in the present study of the adrenal medullary activity, for 
the amount of catechols produced in activation of the adrenals 
within the physiologic range has only a minor influence on normal 
vessels. Denervated vessels react not only with constriction to 
smaller than normal doses of adrenaline and noradrenaline, but 
also with dilatation to several substances (e.g. adrenaline and 
acetylcholine) that normally have that effect. 

Several workers have made use of tissue deprived of its auto- 
nomic innervation for studying adrenal responses and other active 
humoral substances (vide CANNON and ROSENBLUETH, 1949). 
In this investigation the responses were studied both in the blood 
flow through the muscles of a sympathectomized hind leg and in 
that through a fore paw which had been deprived of its somatic 
and autonomic innervation. The aseptic operations were per- 
formed a week or two before the acute experiment. 


Responses in Muscle Vessels Deprived of their 


Sympathetic Innervation 


In the foregoing have been described experiments on unilater- 
ally sympathectomized animals where the blood flow was 
recorded coincidently on the sympathectomized and the intact 
side. In these experiments mesencephalic stimulation caused no 
demonstrable change of blood flow in the sympathectomized leg; 
only the usual vasodilatation appeared in the intact leg. It should 
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Fig. 25. Cat 2.0kg. Dial 40 mg/kg. 


Left hind leg sympathectomized 14 days before the experiment. 
A. carotis commun. sin. occluded. 


Vasodilator responses in the muscles of the right and left hind legs to stimula- 
tion in the right part of the tectum mesencephali. 

1. Stimulation, 2.5 V, 10 sec. 

Note the difference in latency between the normal and the sympathectomized 
leg. (The adrenals were intact.) 


be observed, however, that in these experiments the adrenals had 
already been eliminated at the outset. 

In similar experiments, though with intact adrenals, there was 
sometimes an increase of flow even in the muscles of the sym- 
pathectomized leg. This occurred fairly regularly when stimuli 
of high intensity were used. The increase of flow could be 
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quite considerable and, superficially, appeared to have the same 
character as that due to activity in cholinergic sympathetic vaso- 
dilator fibers. However, a more detailed analysis disclosed 
several differences. For instance, there was a striking difference 
in latency between the increases of flow in the intact and 
the sympathectomized leg. An experiment in which this detail 
was especially studied .s illustrated in figure 25. Mesencephalic 
stimulation produced outwardly (1 in figure 25) similar effects 
in the two legs, the increases of flow being of approximately the 
same magnitude. But when the speed of the kymograph was 
increased tenfold, so that the course could be studied in greater 
detail and each drop interval read, a distinct difference in latency 
emerged. In the intact leg the blood flow commenced to increase 
6-7 seconds after the start of stimulation, but in the sympathec- 
tomized leg the corresponding time was 16-18 seconds. The 
difference thus amounted to about 10 seconds. In view of this 
discrepancy in latency the vasodilatation in the sympathectomized 
leg is not likely to have been produced directly by nervous means; 
it is more plausible to attribute it to some humoral factor. 

Another fundamental circumstance which in itself shows that 
the increase of flow in a sympathectomized leg differs essentially 
from that effected via cholinergic sympathetic vasodilator nerves, 
is the influence of .atropine. This substance did not affect the 
response in the vasomotor denervated leg (figure 26), at all events 
in the doses tried; i.e., those which had been found quite sufficient 
to block the usual vasodilatation in intact muscles. On the 
contrary, the increase of flow appeared to be somewhat greater 
after atropine—at least in the experiment illustrated. In the 
present instance this was probably due, however, to the difference 
in blood pressure response to stimulation before and after atro- 
pine. The blood pressure showed a minimum of 110mm Hg 
during stimulation in the former case, and a maximum of 140 mm 
Hg in the latter. 

There is, accordingly, much to suggest that the increase of 
flow in the muscles of a sympathectomized leg which attends 
activation of sympathetic cholinergic vasodilator nerves is due 
to adrenal medullary activity. It has been pointed out elsewhere 
that such an increase of flow did not occur in a sympathectomized 
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Fig. 26. Cat 2.0kg. Dial 40 mg/kg. 


Left hind leg sympathectomized 14 days before the experiment. 
A. carotis commun. sin. occluded. 


Vasodilator responses in the muscles of the right and left hind legs to stimula- 
tion in the right part of the tectum mesencephali before and after atropine. 


1. Stimulation, 2.5 V, 10 sec. 
2. Atropine 0.2 mg/kg I.V. 
3. Stimulation, 2.5 V, 10 sec. 


Note that the vasodilatation in the sympathectomized leg is unchanged after 
atropine. (Intact adrenals.) 


leg if the adrenals had been eliminated. This does not, of course, 
demonstrate conclusively that the adrenals are involved in the 
mechanism described here; it may be objected, for instance, that 
activation of sympathetic vasodilator nerves without a coincident | 
increase of flow in the sympathectomized leg was occasionally 
observed also in animals with intact adrenals. Far weightier 
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Fig. 27. Cat 3.5 kg. Dial 50 mg/kg. 


Left hind leg sympathectomized 27 days before the experiment. 
A. carotis commun. sin. occluded. 


Vasodilator responses in the muscles of the right and left hind legs to stimula- 
tion in the left part of the tectum mesencephali. 


1. Stimulation, 3.5 V, 15 sec. 3. Both adrenals eliminated. 
4. Stimulation, 3.5 V, 15 sec. 


Note the disappearance of the vasodilator responses in the sympathectomized 
leg on stimulation after elimination of the adrenals. 


evidence as to the role of the adrenals is provided by an experi- 
ment in which the adrenal function was eliminated during the 
course of the experiment, so that observations could be made 
both before and after such elimination. An experiment of this 
kind is illustrated in figure 27. The cat had been sympathec- 
tomized on the left side 27 days before the experiment, by excision 
of the abdominal portion of the left sympathetic chain. The blood 
flow in the muscles of both hind legs was recorded in the usual 
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way. Mesencephalic stimulation had the relatively high intensity 
of 3.5 volts. The vasodilatation in the right leg was commensurate 
thereto and may doubtless be regarded as almost maximal. An 
increase of blood flow appeared in the left leg too, though of 
somewhat lesser extent. At the outset of this experiment prepara- 
tions had been made for eliminating the adrenals as conveniently 
as possible during the course of the experiment. This was done 
here by ligation of all nervous and vascular connections to and 
from the relevant organs (3 in figure 27). Further stimulation 
activated sympathetic vasodilator nerves as before and produced 
a marked increase of flow in the right leg. In the left leg, however, 
the only vasodilatation found was a very slight one secondary to 
the rise of blood pressure. Evidently the earlier response in the 
vasomotor denervated left leg had been caused by an abrupt 
increase of the secretion of adrenal catechols as a result of the 
stimulation. 


Responses in Cutaneous Vessels Deprived of their Sympathetic 


Innervation 


The adrenal activation, as pointed out above, was also studied 
on the basis of the vascular responses in a totally denervated fore 
paw. This blood , flow—measured in the cephalic vein—came 
chiefly from cutaneous tissue. Since the adrenals were of interest 
only with respect to the degree and type of activation that coin- 
cided with activation of sympathetic cholinergic vasodilator fibers 
to the skeletal muscles, this type of experiment was complicated by 
the fact that three different blood flows had to be recorded 
concurrently. The muscle blood flow was observed as a check 
that the cerebral stimulation activated sympathetic vasodilator 
fibers; the changes in cutaneous blood flow from a region with 
intact innervation were studied for comparison with those in the 
denervated area of skin. 

Figure 28 shows the results of such an experiment. By cutting 
the nerves from the brachial plexus to the right foreleg, the latter 
had been almost totally denervated 19 days before the acute 
experiment. The muscle blood flow was recorded, as usual, in 
the right femoral vein. In addition the blood flow was recorded 
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Fig. 28. Cat 4.1 kg. Dial 60 mg/kg. 
Right foreleg denervated 19 days before the experiment. 
Aa. carotides commun. occluded. Nn. vagi cut. 
Vasodilator responses in the muscles of the right hind leg and vasoconstrictor 
responses in the skin of the left and right forelegs to stimulation in the right 
part of the tectum mesencephali. 
1. Stimulation, 3.0 V, 10 sec. 4. Stimulation, 3.0 V, 10 sec. 
5. Atropine 0.3 mg/kg I.V. 
3. Both adrenals removed. 6. Stimulation, 3.0 V, 10 sec. 
Note the disappearance of vasoconstriction in the denervated left foreleg after 
removal of the adrenals. 
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sure response was not uniform—first a rise, then a fall. The 
character cf the vasoconstriction differed in the two fore paws. 
The latency cannot be read from the relevant curve, but a differ- 


ence was observed: the latency was about 10 seconds longer in | 


the denervated left leg. Moreover, the vasoconstriction persisted 
longer in that leg. The response pattern changed after bilateral 
adrenalectomy. The vasodilatation in the muscles remained un- 
changed in character but was perhaps somewhat less than before. 
In the denervated leg the substantial vasoconstriction had dis- 
appeared; the minimal variations of flow that occurred may be 
explained as passive to the changes of blood pressure. In the intact 
leg the vasoconstriction persisted, though it was of somewhat less 
extent. Evidently the nervous component of this reaction had 


previously been supported by the humoral adrenal component. | 
After 0.2 mg atropine per kg, only the vasoconstriction in the | 


innervated cutaneous sector persisted of the original responses. 
The blood pressure response in this case was purely of pressor 
type. 


Effect of Adrenaline and Noradrenaline on Muscle and Cutaneous 


Vessels Deprived of their Sympathetic Innervation 


The results of the aforegoing experiments indicate only that 
the adrenals may be activated coincidently with sympathetic 
vasodilator fibers to skeletal muscles and vasoconstrictor fibers 
to the skin (and splanchnic area) on stimulation in certain parts 
of the mesencephalon. They do not show the degree of adrenal 
activation, nor the nature of the substance or substances dis- 
charged into the blood stream. As is well known, the vaso-active 
substances in the adrenal medullary secretion are adrenaline and 
noradrenaline. Their relative proportions may, however, vary 


widely, depending on the mode of activation of the adrenal | 
medulla; and quite recently Fotkow and Euter (1954) reported | 
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in two cutaneous zones—the fore paws. At | and 2 in figure 28, 7 
a point in the mesencephalon was stimulated. The responses in | 
the three vascular sectors studied were as follows. The muscle | 
blood flow increased substantially, and in the two cutaneous areas | 
there was a pronounced decrease of blood flow. The blood pres- | 
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Fig. 29. Cat 3.3 kg. Dial 50 mg/kg. 
Left hind leg sympathectomized 13 days before the experiment. 


Adrenals removed. A. carotis commun. sin. occluded. 


Vasodilator and vasoconstrictor responses in the muscles of the right and left 
hind legs to intravenous injections of adrenaline. 


1. Adrenaline 0.1 


2. ” 
3. » 


0.25 
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Note the greater effect of adrenaline in the sympathectomized leg. 


an investigation in which they showed that in stimulation of 
various points in the feline hypothalamus the adrenal medullary 


secretion sometimes contained only one of the substances. 
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In order to elucidate the reactions to adrenaline and nor- 
adrenaline of the denervated vessels in muscles and skin, a series 
of experiments was conducted in which the sensitivity to those 
substances was studied. Varying amounts of them were injected 


intravenously, diluted in, usually, 0.2 ml saline, during the course | 


of about 10 seconds. The blood flow was recorded both in a vaso- 
motor denervated vascular area and, for comparative purposes, 
in the intact contralateral vascular zone. The muscle blood flow 
was studied in both hind legs of unilaterally sympathectomized 
cats; the cutaneous blood flow in the fore paws, one of which 
had been denervated. The results of such an experiment are shown 
in figures 29 and 30. The animal had been sympathectomized on 
the left side 13 days before the experiment. In figure 29, .adrenal- 
ine was injected in increasing doses into the left cephalic vein. In 
the doses employed, it usually produced chiefly dilatation of 
muscle vessels. A fairly great difference in sensitivity will be 
noted between the two vascular areas. In the sympathectomized 
leg there was already an increase of flow at 0.10 wg and 0.25 wg 
adrenaline, which small doses did not affect the flow in the intact 
leg, nor the blood pressure either. At 0.5 ug adrenaline the vaso- 
dilatation was maximal in the left leg; but in the right leg 5 ug 
was required to produce maximum vasodilatation. The latency 
of the observed increases of flow is not evident from the curves, 
but was measured at about 20 seconds; i.e., the same order of 
magnitude as that observed for the increase of flow in sympathec- 
tomized muscles following adrenal medullary activation by 
mesencephalic stimulation. It will be noted, too, that the vessels 
in the sympathectomized leg were more sensitive with regard to 
both the vasodilator and the vasoconstrictor properties of adrenal- 


ine. For instance, 10 «wg induced clear-cut vasoconstriction in that | 


leg, whereas vasodilatation was predominant in the other. From 
this and a few similar experiments it may be concluded that 
sympathectomy had increased five- to ten-fold the sensitivity of 
the muscle vessels. 

The muscle vessels reacted only with constriction to intravenous 
injections of noradrenaline (figure 30; the same animal as in figure 
29). The sensitivity to this substance was increased in about the 
same degree as that to adrenaline. However, the relative insen- 
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Fig. 30. Cat 3.3 kg. Dial 50 mg/kg. 
§ 
Rint Left hind leg sympathectomized 13 days before the experiment. 
; Adrenals removed. A. carotis commun. sin. occluded. 
nas- Vasoconstrictor responses in the muscles of the right and left hind legs to 
that | intravenous injections of noradrenaline. 
“om 1. Noradrenaline 1 ug. 
hat 3. = 10 
- of Note the greater effect of noradrenaline in the sympathectomized leg. 
ous 


ure | sitivity of the muscle vessels on both the denervated and the 
the | intact side was noticeable; only after fairly large doses did a 
en- | decrease of flow appear. However, it should be borne in mind, 
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Fig. 31. Cat 4.2kg. Dial 50 mg/kg. 
Right foreleg denervated 26 days before the experiment. 
A. carotis commun. sin. occluded. Nn. vagi cut. 
Vasoconstrictor responses in the skin of the left and right forelegs to intra- | 
venous injections of adrenaline. Vase 


1. Adrenaline 0.1 wg. 3. Adrenaline 1 ug. venou 
” 4. 10 ” 


Note the greater effect of adrenaline in the denervated leg. 
Note 


in this connection, that with the technique employed the substan- | . Th 
tial rises of blood pressure greatly influenced the blood flow and | ton 
reduced its decreases. was 
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Fig. 32. Cat 4.2kg. Dial 50 mg/kg. 
Right foreleg denervated 26 days before the experiment. 

A. carotis commun. sin. occluded. Nn. vagi cut. 
Vasoconstrictor responses in the skin of the left and right forelegs to intra- 
venous injections of noradrenaline. 

1. Noradrenaline 0.1 ug. 3. Noradrenaline 1 wg. 
Note the greater effect of noradrenaline in the denervated leg. 


The supersensitivity of the cutaneous vessels following denerva- 
tion was studied in experiments of similar type. The blood flow 
was recorded from the two fore paws, one of which had been 
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intravenous injection of adrenaline and noradrenaline in varying 


doses are shown in figures 31 and 32. With regard to cutaneous | 


vessels, too, the sensitivity was considerably increased in the 
denervated leg, where doses of 0.1-1 «g produced a distinct 
decrease of flow. The difference in sensitivity appeared to be 
particularly marked in the case of noradrenaline, and was less 
for adrenaline. However, there were fairly great disparities in the 
dose-response relationship in different animals, with respect to 
both muscular and cutaneous areas; but the difference in sensitivity 
between denervated and intact vascular areas was usually more 
or less unchanged. Hence the experiments permit only of cir- 
cumspect conclusions regarding the absolute quantitative condi- 
tions. 
Comment 

Numerous investigations have shown that in various reflexes 
or in central stimulation the adrenal medulla is activated coin- 
cidently with generalized vasoconstrictor discharge, e.g. on stimu- 
lation of a peripheral afferent nerve (CANNON and Rapport, 
1921; Euter and Fotxow, 1953), on occlusion of the carotids 
(KAINDL and Euter, 1951; EuLer and Fotkow, 1953; Ho tz, 
ENGELHARDT, GREEFF and SCHUMANN, 1952), on asphyxia (RAPELA 
and Houssay, 1952; Eurer and Foitkow, 1953; CELANDER, 1954), 
on electrical stimulation of the vasoconstrictor center in the 
medulla oblongata (CHEN, Lim, WanG and Y1, 1936), and on electri- 
cal stimulation in the hypothalamus (Houssay and MOLINELLI, 
1925; MaGcoun, RANson and HETHERINGTON, 1937; Bruicke, 
Loupon and WERNER, 1951; BRAUNER, BRUCKE, KAINDL and 
Neumayr, 1951; Bricxe, Karnpt and Mayer, 1952; FoLtkow 
and Euter, 1954). 

With the results presented here it has been shown that the 
adrenal medulla may be activated concurrently with sympathetic 
vasodilator nerves, on topical stimulation in the mesencephalon. 

It emerged that the adrenal medulla generally was not activated 
until the stimulation had a higher intensity than that normally 
required for activation of the vasomotor nerves. It may be 
debated whether this finding implies that the neurons referable 
to the central outflow to the adrenals had a higher threshold 
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than others, or whether the experimental procedure permitted the 
recording only of high adrenal activity. The method of studying 
the influence of adrenal catechols on a denervated hypersensitive 
vascular area was found to have a sensitivity of about 0.1 «g in 
a single intravenous injection with an injection time of approxim- 
ately 10 seconds. CELANDER (1954) reported that in cats the 
maximal catechol secretion associated with direct splanchnic sti- 
mulation amounted to about 5 ug per kg per minute. He said of 
this value: “Jt rather represents the theoretical average upper 
limit of catechol secretion in the cat which will probably never 
be reached during any type of reflex activation of the adrenal 
medullae in the living body.” The amounts measured in various 
types of reflex activation are, moreover, considerably lower, 
generally not exceeding 1-2 ug per kg per minute. This means 
that the anticipated maximal amount of catechols exceeded 
clearly though not greatly the limit of the relevant method’s 
sensitivity. 

Although the results obtained in the present investigation were 
not subjected to strictly quantitative analysis, the catechol secre- 
tion may be estimated to have been of the same order of magni- 
tude as that in physiologically occurring activation of the 
adrenal medulla. 

It seems clear, however, that the amounts secreted were gener- 
ally too small to have any appreciable influence on the blood 
flow in normally innervated vascular areas. It is evident from 
the preceding section, moreover, that the observed reactions in 
those areas were almost wholly referable to the direct vasomotor 
innervation. This is also consistent with CELANDER’s observations 
(1954) that the adrenals play, quantitatively, a minor role 
compared with the vasomotor nerves in the control of vascular 
tone under varying physiologic conditions. Further, it may explain 
why Extasson, Fotkow, LiInpDGREN and Uvnas (1951), for in- 
stance, did not observe any adrenal medullary activation in 
hypothalamic stimulation designed to activate the sympathetic 
vasodilator outflow. Whether these two sympathetic components 
may be activated coincidently in hypothalamic stimulation is 
not known, however; but having regard to the results of this 
investigation, it seems likely. 
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It will be seen that adrenaline in small doses had a purely 
dilator effect on the muscle vessels, but in no case did nor- 
adrenaline have a similar effect, regardless of dose. Mesencephalic 
stimulation too produced vasodilatation in the sympathectomized 
muscular area. The conclusion may thus be drawn that the adrenal 
medullary secretion invariably contained some adrenaline. It is 
difficult, on the other hand, to draw any conclusions about the 
relative proportions of adrenaline and noradrenaline. The effects 
on both muscle and cutaneous vessels might be attributed to 
adrenaline alone, but a substantial content of noradrenaline may 
have been present too; for due to the relative insensitivity of 
muscle vessels to noradreialine the effect of adrenaline predom- 
inates here. On innervated muscle vessels this effect is still pro- 
nounced with a mixture containing up to 75 per cent noradrenaline 
(Lancy, GREENFIELD, McCorry and WHELAN, 1950). 

Unfortunately, no determination was possible of the relative 
proportions of adrenaline and noradrenaline. Forkow and Eu ter 
(1954), using stimulation in the feline brain stem, obtained 
adrenal responses that sometimes consisted chiefly of adrenaline, 
sometimes chiefly of noradrenaline. A study of figure 1 (semi- 
schematic drawing of the localization of stimulated points) in 
their paper shows that the points located in the mesencephalon 
closest to the aqueductus Sylvii—i.e., adjacent to the area where 
stimulation was mostly applied in the present investigation—had 
been associated with a predominantly adrenaline secretion. 


Discussion 


The aim of the experiments described in this chapter was to 
study the peripheral vascular responses to electrical stimulation 
in the mesencephalon in those cases where one feature of them 
was vasodilatation in the skeletal muscles. 

Various reasons can be adduced for choosing the muscles of 
the extremities, a paw and an intestinal area for the study of 
these peripheral responses. For instance, these areas have differing 
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vasomotor innervations. The skeletal muscles in the cat have a 
double vasomotor innervation: both sympathetic vasoconstrictor 
fibers and sympathetic vasodilator fibers. The paw largely consists 
of cutaneous tissue and has only a sympathetic vasoconstrictor 
innervation. The postganglionic fibers are principally distributed 
via the peripheral nerves. With respect to innervation, an intestinal 
sector belongs to what is usually termed the splanchnic area, 
which only has an autonomic innervation. The sympathetic 
vasoconstrictor nerves are distributed from the celiac ganglion 
and the superior and inferior mesenteric ganglia. These tissues, 
the skeletal muscles, skin and splanchnic region, together represent 
the greater part of the peripheral circulation. 

Most of the early workers who investigated the mesencephalon 
were content to observe the influence of that region on the 
circulatory apparatus, without studying the peripheral responses 
lying behind the blood pressure reactions. Their investigations 
are, therefore, somewhat irrelevant to the observations reported 
here, which are largely concerned with the peripheral mechanism 
of the reactions. 

The reaction pattern elicited, in the present experiments, by 
electrical stimulation in the mesencephalon, may be regarded 
as systemic effects of partial type in the sense that some 
portions of the sympathetic efferent system were involved 
throughout the organism, but others did not appear to be involved. 
The vasomotor effects, as pointed out, consisted of vasodilator 
activation to skeletal muscles and vasoconstrictor activation to 
skin and intestines. Moreover, there was activation of the adrenal 
medulla with secretion of catechols. The muscular vasodilatation 
as well as the cutaneous vasoconstriction occurred in both the fore 
and the hind limbs. The effects were also bilateral. Accordingly, 
no differentiated localization for different parts of the body was 
detectable; rather, generalized effects were the rule. However, 
the method employed may be regarded as somewhat rough, with 
regard to both the stimulation and the recording technique; and 
the stimulation probably activated a fairly large number of 
neurons concurrently. 

There should be no doubt that the observed vasomotor reac- 
tions were of the same character as those described by Extasson, 
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Fo.tkow, LinpGREN and Uvnas (1951) in stimulation in the 
anterior hypothalamus. Aside from the observation of adrenal 
medullary activation the reaction patterns coincide, both with 
regard to activation of vasodilator and of vasoconstrictor nerves, 
and with respect to the distribution of the responses. The only 
plausible explanation seems to be that the relevant mesencephalic 
structures constitute a part of the efferent outflow of the neuron 
system. These problems will be treated further, however, in 
Chapters III and IV. 

There are, nevertheless, several factors which suggest that the 
hypothalamus does not constitute the highest central representation 
of this neuron system. Et1asson, LinDGREN and Uvnas (1952) 
found, in dogs, that the sympathetic vasodilator nerves whose 
effect could be blocked with atropine were activated by electrical 
stimulation in the motor cortex. They did not, however, investigate 
any possible coincident responses in other tissues. 

With different recording techniques, plethysmography and 
organ volume determinations, other workers have obtained com- 
plex vasomotor reactions with patterns resembling those found 
in the present investigation. Thus WeBer (1906) observed that 
electrical stimulation in the premotor cortex of curarized dogs 
and cats produced a rise in blood pressure and increase in volume 
of the extremities coincidently with a decrease in the intestinal 
volume. After section of the splanchnic nerves the increase of 
volume persisted in the extremities but there was still a rise of 
blood pressure, albeit considerably less. WEBER wrote: “Ob die 
noch zurtickbleibende geringe Blutdrucksteigerung bei Rinden- 
reizung nach Durchschneidung der Splanchnici durch Kontrak- 
tion der verhaltnismassig wenigen Blutgefasse der Bauchorgane, 
die von andern Nerven versorgt werden, verursacht wird, oder 
ob noch andere Umstande mitwirken, blieb vorlaufig unaufge- 
klart.” It is possible that the persisting vasoconstriction occurred 
in the skin and that the muscles were the site of the vasodilata- 
tion. 

GREEN and Horr (1937) studied similar peripheral responses to 
stimulation of the gyrus sigmoideus in cats. They found vaso- 
dilatation in the extremities (bilateral effects) and coincident 
vasoconstriction in the kidneys. Since this vasodilatation also 
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occurred in a skinned leg, it was assumed to be localized to the 
muscles. 

Our present knowledge of the intracerebral representation of 
the sympathetic vasodilator system suggests that the observed 
peripheral responses may have been of the same character as 
those in the present investigation; i.e., they included activation 
of sympathetic vasodilator fibers in the muscles. 

Lunp (1943, 1945) made similar observations, also in cats, that 
stimulation in the region of the sulcus cruciatus produced vaso- 
constriction in the skin and vasodilatation in the extremity 
muscles. In his opinion, however, the latter reaction was second- 
ary, and due to activation of the baroceptors via the concurrent 
rise of blood pressure. 

It is difficult to comment on the quantitative aspects of the 
observed reactions. In most cases the vasoconstrictions in the skin 
and splanchnic region appear to have been of such extent as to 
more than compensate the decrease of peripheral resistance in the 
muscles. The adrenal activation was not of such magnitude that 
the secreted catechols had more than a slight supporting effect 
parallel with the nervous components. The significance of the 
anesthetic with regard to the relative proportions of the compo- 
nents has already been discussed. 


Summary and Conclusions 


With the use of the Horsley-Clarke technique, cats anesthetized 
with Dial were subjected to electrical stimulation in the mesen- 
cephalon with bipolar electrodes. The blood pressure as well as 
the blood flow in different vascular areas were recorded, and 
changes produced by stimulation were studied. Stimulation in the 
tectum mesencephali elicited a substantial increase of the blood 
flow in the skeletal muscles. When the blood flow was recorded 
in skin and viscera, it generally showed a coincident decrease. 
The blood pressure response varied, sometimes rising and some- 
times falling; in some experiments no change was observed. As 
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regards the components of the reaction pattern, the following 
conclusions are drawn: 

1. Unilateral stimulation in the tectum mesencephali may pro- 
duce bilateral vasodilatation in the muscles. The vasodilatation 
appears coincidently in the muscles of both the forelegs and hind 
legs. The concurrent vasoconstriction in the skin is also bilateral. 
2. The increase of blood flow in the skeletal muscles is due to 
activation of sympathetic vasodilator nerves. These sympathetic 
vasodilator fibers are cholinergic. The effects are blocked by 
atropine, 0.1-0.2 mg per kg, and are potentiated by eserine, 0.1 mg 
per kg. Dihydroergotamine, 0.5 mg per kg, does not affect the 
vasodilatation. 

3. The decrease of blood flow in skin and intestines is due to 
activation of sympathetic vasoconstrictor nerves. These are 
directly activated by the mesencephalic stimulation and not as a 
result of reflexes. The effects are not influenced by atropine, but 
are totally blocked by Dihydroergotamine, 0.5 mg per kg. 

4. The adrenal medulla is activated coincidently with activation 
of vasodilator nerves to the muscles and vasoconstrictor nerves to 
skin and viscera. The secretion of catechols produces dilatation 
of muscle vessels and constriction of cutaneous vessels. As regards 
the vascular responses, this humoral factor is quantitatively of 
minor importance compared to the nervous components. 
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CHAPTER III 


Localization of the Stimulated Vasomotor 
Structures in, the Mesencephalon and 
Adjacent Parts of the Brain 


In the earliest investigations of autonomic representation in the 
mesencephalon, no attempts were made to localize active struc- 
tures more exactly. 

The more recent investigations into the anatomy of the mesen- 
cephalon with respect to vasomotor functions include, notably, 
those of the RANSON group. These workers investigated the brain 
stem systematically point by point with the Horsley-Clarke tech- 
nique, and in histologic examination of brains they localized the 
stimulated points, which were marked on charts. 

Another method of studying the localization of intracerebral 
pathways is to produce a particular response by stimulation and 
to observe whether it persists or disappears after section of various 
structures. This method, too, was employed in some investiga- 
tions conducted by the RANsoNn group, in which they studied, 
among other things, the mesencephalic localization of vasomotor 
pathways descending from the hypothalamus. 

These two methods of localizing regions with a particular 
function and their efferent pathways often implement each other, 
and both were employed in the present investigation. 
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Methods 


Material and Anesthesia 


The material in the histologic part of this investigation consisted 
of 28 brains from cats used in various experimental series. The 
other part, consisting of acute experiments with an intracerebral 
section technique, comprised eight cats weighing 2.5-4.8 kg. The 
anesthesia did not differ from that described in the preceding 
chapter. 


Preparation of the Animal, Stimulation 
and Recording Technique 


The experiments were in principle of the same type as those 
described in the foregoing, and the preparation was similar. 
Preparation of the head for stimulation, etc. in experiments with 
section of various parts of the brain stem was more laborious, 
however, since inspection of the superficial mesencephalic struc- 
tures was required. In some experiments a large part of the 
occipital lobes was exposed and the dura reflected after a Y- 
shaped incision on either side of the sagittal sinus. The brain 
substance was removed by careful aspiration through a slender 
glass tube (1.5 mm in diameter). The falx cerebri was left intact. 
When the medial parts of the occipital lobes and the posterior 
portion of the corpus callosum had been removed, the superior 
colliculi and anterior part of the inferior colliculi were exposed. 
The dorsal portion of the latter was concealed by the tentorium 
cerebelli. Minor hemorrhages from the traumatized surfaces of the 
brain were arrested with pieces of gelfoam. A heating lamp pre- 
vented cooling of the exposed parts of the brain. 

In other experiments inspection of mesencephalic regions was 
facilitated by a posterior approach. After drilling of the occipital 
bone including the crista lambdoidea, the bulk of the cerebellum 
was aspirated. In no case could traumatization of the transverse 
sinus be avoided, but the bleeding was arrested by means of bone 
wax. The whole of the rhomboid fossa, the posterior meatus of 
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the aqueductus Sylvii, and the caudal surface of the inferior 
colliculi could thereafter be visualized. By means of a fine burr 
the tentorium cerebelli was carefully released from its lateral 
attachment and removed, after which the occipital lobes could 
be raised with a spatula, thus ensuring a better view. Occasionally 
there were venous hemorrhages from the dura that were difficult 
to arrest. 

In these experiments the stimulation was generally applied 
anterior to the mesencephalon, the technique being the same as 
described earlier. Sections at various levels in the mesencephalon 
were made, during the course of the experiments, with thin scal- 
pels of varying type. In those cases where mesencephalic portions 
of the brain were removed during the experiment, this was done 
with the previously employed aspiration technique. After the 
experiments the location and extension of the sections in the 
mesencephalon were checked by macroscopic examination. Fur- 
thermore, these brains were also subjected to histologic examina- 
tion. 

Recording of blood pressure and blood flow was done in the 
manner described earlier. 


Histologic Technique 


In a number of cases the brain was fixed when the experiment 
had concluded. This was generally done by perfusion with a 10 
per cent formalin solution, injected into the carotids. In order to 
make the electrode channels more distinct, the electrode was 
often left in position, i.e., with the tip in the last stimulated 
point. In some cases electrocoagulation of the stimulated point 
with direct current had been done too. After fixation the dead 
animal was left in the Horsley-Clarke apparatus overnight. The 
electrode was withdrawn the following day and the brain removed 
for preservation in 10 per cent formalin. 

Frozen frontal sections 50 microns thick were taken from the 
relevant portions of the brain, every effort being made to keep 
them parallel with the direction of the electrode. Every second 
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Fig. 33. Histological frontal sections through the mesencephalon and the 

pons from two different brains, showing electrode channels. After the expe- 

riments the electrodes had been left in position and both brains had been 

fixed in situ with formalin. In the right section the stimulation point had been 
coagulated (20 mA sec.). (Scale 2.5: 1.) 


or every fourth section was retained and stained with hematoxylin 
ad modum Weil (Writ, 1928). The electrode channels were readily 
identifiable at microscopic examination, provided there were not 
too many of them. Similarly, the position of the electrode tip 
could be localized, most easily and accurately in those cases where 
the electrode had not been advanced deeper than to the responsive 
point sought, and of course when the stimulated point had been 
coagulated. This latter manipulation caused a spherical lesion 
round the electrode tip. Figure 33 shows two histologic sections 
with electrode channels. In both cases fixation was done with 
the electrodes left in position; in the right section electrocoagula- 
tion had been carried out. 


Results 


1. Histologic Examination 


Although the Horsley-Clarke technique often permits satis- 
factory localization of the stimulated points, experience showed 
that this was not always the case. The electrodes were relatively 
fine and hence rather flexible. Due, for instance, to tensions 
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Fig. 34. Drawing of a sagittal section through a cat’s brain, showing the site 
of frontal sections 1-14 in fig. 35. The plane of the sections coincides with the 
electrode plane in hypothalamic and mesencephalic stimulation. (Scale 1.6: 1.) 


in the dura they occasionally descended obliquely into the cerebral 
tissue. Localizing of the stimulated structures therefore required 
histologic examination of the brains and identification of the 
electrode channels. 

Of the brains that were histologically examined, 28 are included 
in the results reported below; for only those were taken in which 
electrode channels and stimulated points could be identified 
beyond doubt. In most cases identification was simple, for in 
general the brains contained only a few electrode channels, and 
some a single channel. All of the identified points had given, 
when stimulated, a characteristic increase of blood flow in some 
sector of the skeletal muscles, usually amounting to at least 100 
per cent. The vasodilatations elicited from most of the stimulated 
points had been blocked with atropine, after which the experi- 
ments had been concluded and the brains fixed. The part of the 
brains examined extended from the caudal part of the dien- 
cephalon to the rostral portion of the medulla oblongata (figure 
34). The points found were plotted on a series of charts in the 
frontal plane of the brain stem, drawn from a series of histologic 
sections (figure 35). (For more detailed charts, reference should 
be made to e.g. WINKLER and Potter, 1914; Monnigr, 1943; 
Jasper and AJMONE-Marsan, 1954.) 
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Fig. 35. Series of drawings of frontal sections through the mesencephalon and 

adjacent parts of a cat’s brain. The distance between two sections is 1mm. 

Histologically localized stimulation points are represented by the black circles. 

The level in the brain of each section, 1-14, is shown in fig. 34. Section 1 

approximates to frontal plane 8 in the Horsley-Clarke coordinates (JasPER 
and AjJMONE-MarsaNn, 1954). (Scale 2.5: 1.) 
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Abbreviations 


Area pretectalis 
Aqueductus Sylvii 
Brachium conjunctivum 
cerebelli 

Brachium -olliculi inf. 
Brachium pontis 
Bulbus olfactorius 
Cerebellum 
Commissura anterior 
Corpus callosum 
Commissura collicul. inf. 
Corpus geniculatum lat. 
Corpus geniculatum med. 
Chiasma opticum 
Commissura habenularum 
Colliculus inferior 
Corpus mamillare 
Commissura posterior 
Corpus restiforme 
Colliculus superior 
Corpus striatum 
Decussatio dorsalis 
tegmenti Meynert 
Decussatio supra- 
mamillaris 

Decussatio ventralis 
tegmenti Forel 

Fornix 

Fasciculus centralis 
tegmenti 

Fasciculus cuneatus 
Fovea inferior 
Fasciculus longitudinalis 
med. 

Fossa rhomboidea 
Fovea superior 

Gyrus fornicatus 
Gyrus genualis 

Gyrus marginalis 
Hypophysis 

Lemniscus lateralis 
Lemniscus medialis 
Massa intermedia 
Medulla oblongata 
Nervus oculomotorius 
Nucleus nervi 
oculomotorii 

Nucleus centralis 
thalami 

Nucleus commissurae 
post. 

Nucleus dorsalis thalami 


NGld 


NHa 
NHI 


NHp 


NIP 
NIT 
NLI 
NM 
NR 
NRB 


NRc 
NRP 
NRSNeV 


NsG 
NvT 
NVm 

O 

Os 

P 

PC 

Po 
RMNeV 


SC 
SF 
SGe 
SGT 
SM 
SN 


Nucleus geniculatus lat. 
dors. 

Nucleus habenularis 
Nucleus hypothalamicus 
lat. 

Nucleus hypothalamicus 
post. 

Nucleus interpeduncularis 
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In the posterior part of the diencephalon the responsive area 
was located immediately dorsal to the posterior hypothalamic 
nucleus (figure 35: 1). Caudal thereto the vasodilator points were 
situated somewhat more dorsally, in the ventro-medial part of 
the thalamus, just lateral to the tractus habenulo-peduncularis 
(figure 35: 2). At the level of the posterior commissure the vaso- 
dilator pathway continued dorso-caudad, ending in the superior 
colliculus. Of the vasodilator points identified, the majority were 
found in the basal parts of the superior colliculus and adjacent 
regions. They seemed to be scattered over a somewhat more 
diffuse area. The reason why so many points were found here 
may be that in most experiments the electrode was directed 
towards that region; for experience had shown—even before the 
histologic investigation—that the chances of striking structures 
whose stimulation would produce vasodilatation were greater in 
that region than in more rostral or more caudal areas. The vaso- 
dilator points there were generally localized 3-4 mm below the 
dorsal surface (figure 35: 6-9). Most of them were found 3-5 
mm from the midline just outside the dorso-lateral border of the 
substantia grisea centralis. The extension of the responsive area 
was greatest in the dorso-ventral direction, this being especially 
the case in the caudal portions. At the level of the inferior colli- 
culus the vasodilator pathway appeared to descend rather steeply 
ventrad. Several points were located in the vicinity of the lem- 
niscus lateralis. None of the identified points were located, 
however, in the gray matter of the inferior colliculus; the nearest 
ones were just medial thereto, between that structure and the 
substantia grisea centralis. The most ventral points were in the 
pons, dorso-lateral to the tractus pyramidalis, and in the rostral 
part of the medulla oblongata dorso-lateral to the tractus pyra- 
midalis and ventro-medial to the oliva superior. 

If we regard the points that are inserted on the frontal sections 
in figure 35 as lying along an efferent pathway running through 
the mesencephalon, and we try to join them from one section to 
another, we find that the pathway thus formed is fairly well 
localized. If these histologic findings be considered together with 
the experience from a large number of other experiments in which 
localization of vasodilator points showed similar results—partly 
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with the use of the Horsley-Clarke coordinates and partly by 
macroscopic inspection—approximately the following picture will 
emerge of the course and extension of the responsive pathway. 
The pathway extends through the posterior portions of the hypo- 
thalamus up towards the superior colliculus. The difficulties 
which, in stimulation in that region, were encountered in finding 
vasodilator responsive structures, in spite of systematic explora- 
tion, suggest that the pathway here is confined to a fairly narrow 
zone. In the basal parts of the superior colliculus a somewhat 
wider area is taken up, extending through the greater part of the 
tectum, though narrowing somewhat caudad. The further course 
of the pathway was more difficult to trace, though at pontine 
level there were vasodilator points located ventrally, dorso- 
lateral to the tractus pyramidalis. Responsive structures were 
also found further rostrally in the tegmentum, but with almost 
the same position in relation to the tractus pyramidalis. Between 
this ventral extension and the tectal distribution there were a 
few points suggestive of connections between those areas. Roughly 
speaking, the efferent pathway from the tectal area may thus be 
conceived of as a diffuse outflow running directly ventrad from 
the whole extension of that area, and collecting again in the teg- 
mentum and pons as a narrow bundle of fibers running caudad, 
adjacent to the tractus pyramidalis and retaining that position 
in its course towards the medulla oblongata. 


Comment 


As mentioned above, the current view as to the localization 
of vasomotor active and silent zones in the mesencephalon is 
largely based on experiments with stimulation similar to that in 
the present investigation but with only blood-pressure variations 
as criteria of the vasomotor responses. Due to the shortcomings 
of this recording technique—showing, as it does, only the resultant 
of various components in the peripheral responses—no definite 
conclusions can be drawn with regard to these. It is, therefore, 
difficult to compare the present findings with those of earlier 
investigations. However, the reaction pattern often included a 
minor change of blood pressure one way or the other, so that 
some comparison may still be justified. 
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A study of cerebral charts in the papers of RANSON et al. 
(KaBaT, MaGoun and Ranson, 1935; WANG and Ranson, 1939 a), 
indicates that the most marked pressor structures were localized 
dorsal and lateral to the nucleus ruber in the fasciculus centralis 
tegmenti, though also around the aqueductus Sylvii in the substan- 
tia grisea centralis. Numerous pressor points, however, were dif- 
fusely scattered over the greater part of the transverse section of 
the mesencephalon, including the basal portions of the superior 
colliculus. Depressor reactions had also been elicited from these 
regions as well as lateral to the fasciculus centralis tegmenti. 

Findings closely consistent with these results have been reported 
by other workers (Hess, 1938, 1947, 1948; McQuEEN, BROWNE 
and WaLKER, 1954; THompson and Bacn, 1950). 

A comparison of the localization of the vasodilator points 
reported in this chapter and the vasomotor active area described 
in the papers of RANSON and others, shows that the latter area 
is located more ventrally, although some overlapping exists. It is 
probable, therefore, that only a few of the stimulation points 
marked by those authors were associated with activation of 
sympathetic vasodilator pathways to the muscles (and coinci- 
dently of vasoconstrictor pathways to other vascular areas). These 
must accordingly be regarded as only a minor part of the vaso- 
motor neurons located in the mesencephalon. 


2. Section Experiments 


Even though histologic investigation of the stimulated points 
had given a picture of the localization of the structures from 
which sympathetic cholinergic vasodilator nerves to skeletal 
muscles and sympathetic vasoconstrictor nerves to skin and intes- 
tines could be activated, several questions as to the anatomical 
organization still remained to be answered. These notably includ- 
ed problems relating to the hypothetical decussation of vaso- 
dilator fibers. Stimulation in the tectal structures generally gave 
rise to bilateral responses. The vasodilatations produced in skeletal 
muscles by hypothalamic stimulation were also bilateral (ELIAsson, 
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Fig. 36. Schematic drawings of the brain stem, dorsal and sagittal views. The 

stimulation points are represented by the black circles. The frontal section, 

immediately anterior to the mesencephalon on the right side, is marked. (For 

explanation of the experiment see text. The peripheral responses are shown 
in fig. 37.) (Scale 1.4: 1.) 


FoLtkow, LINDGREN and Uvnais, 1951; LINDGREN and 
Uvnas, 1954). On the other hand, stimulation of the medullary 
portion of the vasodilator pathway induced only ipsilateral 
effects (LINDGREN and Uvnas, 1953b). The same applied to 
stimulation in the pons; for in some of the experiments where 
the stimulated points, according to the histologic examination, 
were located in the pons dorso-lateral to the tractus pyramidalis, 
the blood flow was recorded from the muscles of both hind legs 
and vasodilatation was found only in the ipsilateral extremity. 
These findings imply, therefore, that some kind of cross connec- 
tion must exist somewhere between the tectal region and the 
pontine and medullary portion. 

With a view to exploring this problem and others associated 
therewith, some experiments were undertaken in which either 
certain parts of the mesencephalon were excised or various sections 
were made, the responses to stimulation being observed before 
and after these measures. 
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Fig. 37. Cat 4.8kg. Dial 60 mg/kg. Aa. carotides commun. occluded. 
Vasodilator responses in the muscles of the hind legs to stimulation in the 
posterior hypothalamus. Effect on the responses of frontal section of the right 
brain stem immediately anterior to the mesencephalon (see fig. 36). 


1. Stimulation, right, 3.0 V, 20 sec. 6. Stimulation, left, 2.5 V, 20 sec. 
3. Section. 8. Atropine 0.2 mg/kg I.V. 

4. Stimulation, right, 3.0 V, 30 sec. 9. Stimulation, left, 2.5 V, 15 sec. 


99 
ventral and dorsal to the former 
point, moving electrode. 
Note the disappearance of the vasodilator responses in both legs to stimula- 
tion on the right side after section. 


In one such experiment the vasodilator pathway was stimulated 
on the right side, 2mm from the midline, in the posterior part 
of the hypothalamus. The stimulated points and extension of 
section are shown in figure 36 and the peripheral responses in 
figure 37. The stimulation induced bilateral vasodilatation. With 
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Fig. 38. Schematic drawings. The stimulation point is represented by the black 

circle. The areas removed, first the colliculus inf. dx. and later in the experi- 

ment the colliculus sup. dx., are shaded. (For explanation of the experiment 
see text.) (Scale 1.4: 1.) 


the aim of interrupting the vasodilator pathway on this side, a 
scalpriform instrument was advanced through the cerebral tissue 
to the base of the skull. Its position and that of stimulated points 
were determined by postmortal inspection and histologic examina- 
tion. The section extended transversely from the midline 6 mm to 
the right, passing through the anterior border of the superior 
colliculus to the posterior part of the corpus mamillare. Further 
stimulation at the same point as before no longer produced vas- 
cular effects. This obviously implies that the hypothetical decussa- 
tion would be located caudal to the section and that no connec- 
tions exist in the posterior hypothalamus between the pathways 
on either side. When the electrode was moved to a point 2 mm to 
the left of the midline, stimulation once more produced vaso- 
dilatation in both extremities (6 and 7 in figure 37). The left 
hypothalamofugal vasodilator pathway was accordingly intact. 
Atropine blocked the effect as usual. 

In another experiment activity was similarly induced in the 
sympathetic cholinergic vasodilator nerves to both hind legs by 
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Fig. 39. Schematic drawings. The stimulation points are represented by the 
black circles. The section through the base of the colliculus sup. dx. is marked. 
(For explanation of the experiment see text.) (Scale 1.4: 1.) 


stimulation of the right vasodilator pathway between the anterior 
hypothalamus and the mesencephalon (figure 38). By means of 
suction through a fine glass tube, the right inferior colliculus 
and caudal portion of the right superior colliculus were first 
removed. Further stimulation after this operation still elicited 
bilateral vasodilatation, though quantitatively it was somewhat 
less. One explanation of this may be that a part of the efferent 
outflow was damaged. The whole of the right superior colliculus 
was then excised. Stimulation at the same point as before now 
produced no responses in either of the legs. In order to preclude 
the possibility that the electrode tip had been displaced, stimula- 
tion was also given ventral and dorsal to the original position; 
but no vasodilatation could be elicited from there either. This 
experiment lends weight to the view that the vasodilator pathway 
from the hypothalamus runs via the tectum mesencephali. Having 
regard to the fact that only that area was removed, it is probable 
that the pathway runs via the tectum mesencephali alone. 

Figure 39 shows stimulated points and section in a further 
experiment—also with stimulation of the vasodilator pathway 
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on the right side in the posterior hypothalamus. The responses 
were bilateral. The direction of section through the dorsal part of 
the mesencephalon will be seen from the figure. Extending from 
the anterosuperior portion of the right inferior colliculus ventro- 
rostrad under the basal parts of the right superior colliculus, the 
section must have severed the connections running ventro-caudad 
from the latter. On the other hand, the connections were not 
disturbed from the right superior colliculus and adjacent struc- 
tures in the medial direction above the aqueductus Sylvii. Stimula- 
tion at the same point as before and in its environment elicited, 
after this operation, substantially reduced vasodilator effects on 
both the ipsilateral and the contralateral side. Shifting of the 
electrode to a corresponding point on the left side in the hy- 
pothalamus had the same effects—even quantitatively—as the 
original ones, i.e., bilateral vasodilatation. The latter could be 
blocked with atropine in the usual way- Stimulation was asso- 
ciated with minor rises of blood pressure—10-20 mm Hg. 

The observations made in this experiment may seem somewhat 
bewildering. Why did bilateral vasodilatation—albeit so reduced 
that the increase of flow was not more than one-half to one-third 
of the original one—occur after section in response to stimulation 
on the right side? Was it due to connections from the right to the 
left side in the hypothalamus, to fibers passing ventral to the 
section, to connections above the aqueductus Sylvii between the 
right and left part of the tectum, or was it passive to the rise 
of blood pressure? The first two possible explanations seem un- 
likely in view of the conclusion drawn from the experiments 
illustrated in figures 37 and 38. The fourth possibility may 
explain a part, though not the whole, of the increase of blood 
flow; for stimulation on the left side produced, after atropine, a 
similar rise of blood pressure but a smaller increase of flow. The 
explanation, therefore, may probably lie in commissural connec- 
tions in the tectum. The principal conclusion from this experiment 
is, however, that the major part of the decussation is located 
ventral to the aqueductus Sylvii. 

The experiment could not, however, be taken as direct proof 
of the localization of this decussation to the tegmentum or pons. 
For this reason a few experiments were conducted with in- 
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Fig. 40. Schematic drawings. The stimulation point is represented by the black 

circle. The sagittal section through the tectum mesencephali (dorsal to the 

aqueductus Sylvii) is marked. (For explanation of the experiment see text.) 
(Scale 1.4: 1.) 


creasingly deep sagittal incisions into the mesencephalon until 
the decussation was reached. One of them is shown in figure 40. 
The connections between the two sides of the tectum mesencephali 
were interrupted dorsal to the aqueductus Sylvii. This caused no 
change of the reaction pattern in stimulation of the right vaso- 
dilator pathway between the anterior hypothalamus and the 
tectum; for bilateral vasodilatation occurred after the section too. 
The experiment provides further evidence that the decussation 
is to be sought ventral to the aqueductus Sylvii. 

This view was also supported by the results of experiments in 
which the sagittal section had a greater extension ventrad. These 
are evident from the observations in the experiment in respect of 
which the stimulated points and section are illustrated in figure 
41, the peripheral responses being shown in figure 42. On stimula- 
tion of the diencephalic portion of the vasodilator pathway on 
the right side just rostral to the mesencephalon, pronounced vaso- 
dilatation was elicited in the muscles of both hind legs (1 and 2 in 
figure 42). The increase of flow, though of somewhat lesser mag- 
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Fig. 41. Schematic drawings. The stimulation points are represented by the 
black circles. The sagittal section through the commissura coll. inf., posterior 
part of the tegmentum and dorsal part of the pons is marked. (For explanation 
of the experiment, see text. The peripheral responses are shown in fig. 42.) 
(Scale 1.4: 1.) 


nitude in the contralateral extremity, was nevertheless quite 
pronounced. Similar responses were occasionally found in mesen- 
cephalic stimulation, too, as pointed out in the foregoing. After 
the sagittal section that involved the commissura colliculorum in- 
feriotum and caudal portion of the tegmentum down to the pons, 
with the greater part of the decussatio dorsalis tegmenti as well as 
the caudal part of the decussatio ventralis tegmenti and some of the 
nucleus interpeduncularis and nucleus reticularis centralis, the 
response to stimulation at the same point as before was altered. 
The vasodilatation was unchanged in the right leg but absent in 
the left. The implication may be that section had severed the 
partial decussation. The exact localization of the latter is not easy 
to say; experiments of the same type as that described here, but 
with less extensive sections, did not yield unequivocal results. 
With the technique employed it was difficult, during the acute 
experiment, to determine exactly, in advance, the length and 
depth of the section. It seems likely, however, that the crossing 
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Fig. 42. Cat 3.5kg. Dial 40 mg/kg. A. carotis commun. sin. occluded. 
Vasodilator responses in the muscles of the hind legs to stimulation in the 
posterior and the anterior hypothalamus (at the supraoptic level). Effect on 
the responses of sagittal section in the mes- and metencephalon (see fig. 41). 


. Stimulation, right post. hypothal., 3.5 V, 15 sec. 
. Section. 
. Stimulation, right post. hype-hal., 3.5 V 15 sec. 


. Atropine 0.2 mg/kg I.V. 

. Stimulation, right ant. hypothal., 3.5 V, 15 sec. 

Note the disappearance of the vasodilator responses in the contralateral leg 
to stimulation in the posterior hypothalamus after section. 
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exists in the region of the decussatio dorsalis tegmenti, dorsal to 
the caudal portion of the nucleus interpeduncularis and to the 
decussatio ventralis tegmenti, and that it extends longitudinally 
several millimeters caudad, dorsal to, and possibly in, the nucleus 
reticularis centralis. A finding that lends weight to this view is a 
histologically identified vasodilator point in that region (figure 
35: 10). The fact that vasodilator responses were, in general, so 
seldom elicited on stimulation in this region might be explained 
by postulating a diffuse crossing with a low density of fibers. 

According to the above (figure 39), a connection between the 
two sides possibly exists dorsal to the aqueductus Sylvii. As will 
be evident from the present experiment (figures 41 and 42), such 
a dorsal decussation would only be of secondary importance. 
Even though the major part of the dorsal connection was intact, 
no increase of flow occurred in the contralateral leg on stimula- 
tion after interruption of tegmental decussations. 

In the continued course of the relevant experiment the electrode 
was shifted further rostrad and stimulation was given with its 
tip in the supraoptic region of the anterior hypothalamus. It was 
still located on the right side, about 1mm from the midline. 
Stimulation at this point now elicited bilateral vasodilatation of 
approximately the same extent as before (5 in figure 42). Bearing 
in mind the results of an investigation by Extasson, LINDGREN 
and Uvnas (1954), showing that in the dog the anterior hypotha- 
lamus itself contains a relay station for the sympathetic vaso- 
dilator pathway with connections between the two sides, this 
observation is not surprising. It demonstrates that vasodilator 
impulses elicited by stimulation in the supraoptic region on one 
side were also effected via contralateral hypothalamic structures. 
The cat, too, may have in this region an integrative center where 
e.g. cortical impulses could be relayed.—After atropine the vaso- 
dilatation was blocked in both extremities. 


Comment 


The question as to possible crossing of autonomic pathways in 
their course in the brain stem and spinal medulla has always been 
the subject of discussion. As regards the sympathetic hypothalamo- 
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fugal pathways in the cat, KarpLus and Kreipi (1911) con- 
sidered that they reached to the cervical sympathetic bilaterally 
via a cross connection in the upper thoracic segments. Macoun, 
RANSON and HETHERINGTON (1938) found, also in cats, that a 
minor part of the vasomotor (pressor) pathway crossed cranial 
to the first cervical level, while the greater part reached the 
spinal medulla uncrossed (vide also Macoun, 1940). They 
obtained their results by observing rises of blood pressure on 
hypothalamic stimulation before and after hemisections of the 
brain stem at various levels between the superior colliculus and 
the first cervical segment. Harrison, WANG and Berry (1939), 
in hypothalamic stimulation of unilaterally sympathectomized 
cats before and after hemisection at various levels, showed that 
pressor impulses from the hypothalamus might run uncrossed to 
the spinal medulla or cross in the brain stem or in spinal segments 
below the cervical ones. They even found it probable that im- 
pulses could reach the ipsilateral side after having crossed twice. 

The observation of LinDGREN and Uvnas (1953 b) that activa- 
tion of the sympathetic vasodilator pathway in its medullary 
course produced only ipsilateral effects, suggests that it does not 
cross either in its medullary or in its spinal portion. This is clearly 
difterent from other hypothalamofugal vasomotor pathways, 
which are considered to have a component that crosses at spinal 
level. Its lowest decussation, according to what has been found in 
the present investigation, is loceted in the mesencephalon and 
pons. As is usual with autonomic pathways, it is of partial type. 

Whether a connection also exists between the two sides dorsal 
to the aqueductus Sylvii does not seem to be fully clear, but such 
a hypothesis is also supported by an observation made by Linp- 
GREN, RoséN, STRANDBERG and Uvnas (1955). On one occasion 
they succeeded in activating sympathetic vasodilator nerves in a 
dog upon stimulation at a midline point in the commissura colli- 
culorum superiorum. 

Whether the accompanying vasoconstrictor neurons also have 
the same course with regard to decussation has not been shown, 
although there is much to suggest that this is the case. According 
to Chapter II (figure 12) the vasoconstrictor effects elicited in the 
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skin from the tectum mesencephali were bilateral, but according 
to Chapter V (figure 53) the cutaneous effects produced by activa- 
tion of the vasodilator pathway in the medulla oblongata were 
unilateral. This suggests that the vasoconstrictor neurons described 
have a course analogous to the vasodilator pathway, even with 
regard to decussation in the mesencephalon and pons. Evidently, 
therefore, there are several different types of hypothalamofugal 
(or mesencephalofugal) vasoconstrictor pathways, insofar as their 
anatomical course in the central nervous system is concerned. 
There are completely uncrossed pathways, pathways with diffuse 
decussation in the brain stem (hypothalamus—mesencephalon— 
pons—medulla oblongata); the pathway studied here, with a 
crossing in the mesencephalon—pons; and, lastly, pathways that 
cross at different spinal levels. It is difficult to say whether these 
cross connections can be regarded as fiber decussations proper; 
abundant synapses and short neurons may doubtless be found in 
the connections between the two sides. 


Discussion 


Histologic examination enables a good idea to be obtained of 
the mesencephalic extension of the sympathetic vasodilator struc- 
tures. The continuity rostrad with corresponding active structures 
in the posterior hypothalamus (according to this investigation and 
another one conducted by E iasson, Fotkow, LINDGREN and 
Uvnas, 1951), and also caudad with the medullary sympathetic 
vasodilator region (LINDGREN and Uvnas, 1953 b), suggests that 
the mesencephalic vasodilator area constitutes a part of the 
hypothalamofugal sympathetic vasodilator pathway. This is fur- 
ther supported by the section experiments in the second part of 
this chapter, which showed that sympathetic dilator impulses 
elicited from the hypothalamus descend only via the tectum 
mesencephali. 

There has been some diversity of opinion as to the localization 
of the hypothalamofugal pathways in the brain stem (for » more 
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detailed presentation, vide RANSON and Macoun 1939; Macoun, 
1940; WuiTE, SMITHWICK and SImMEONE, 1952). Many workers 
have considered the main path of these fibers to be the fasciculus 
longitudinalis dorsalis, from dorso-medial, ventro-medial and 
posterior hypothalamic nuclei, via the substantia grisea centralis 
in the mesencephalon, to different vegetative nuclear areas in the 
medulla oblongata and spinal medulla. Another pathway, also 
medial, was suggested by Beattie, Brow and Lone (1930 a, b) 
who, in degeneration studies, showed that most of the fibers from 
the posterior hypothalamus passed through the medial part of the 
reticular formation and in the fasciculus longitudinalis medialis. 

These “medial” views have been strongly criticized, however, 
by Ranson and his co-workers. The results of stimulation and 
section experiments led those authors to conclude that the hypo- 
thalamofugal fibers passed the mesencephalon very diffusely, 
though with some concentration to the lateral part of the tegmen- 
tum. “Jn the midbrain descending connections which mediate im- 
pulses induced by hypothalamic stimulation occupy a wide area 
in both the central and the tegmental region” (MAGOUN, RANSON 
and HETHERINGTON, 1938). Their results, as pointed out elsewhere, 
were reached in a study of pressor responses. 

Little attention seems to have been given to the fact that some 
hypothalamofugal fibers—not only the recently discovered 
sympathetic vasodilator fibers but also vasoconstrictor ones—in 
the dorsal portion of the hypothalamus and ventral part of the 
mesencephalon run dorso-lateral towards the tectum. BEATTIE, 
Brow and Lone (1930 a) nevertheless reported that a small num- 
ber of the hypothalamofugal connections had that extension to- 
wards the superior colliculus. 

The sympathetic vasodilator pathway described here passes, in 
its course caudad, through the lateral part of the tegmentum, in 
which several authors found both pressor- and depressor-active 
structures (e.g. KaBAT, MaGoun and Ranson, 1935; Wanc and 
RANSON, 1939 a; THOMPSON and Bacn, 1950). In the pons and 
the rostral part of the medulla oblongata the pathway has a 
distinct position in the ventro-lateral portion. This contrasts with 
the diffuse organization of hypothalamofugal pressor fibers in 


127 


ding 
iva- 
were | 
ibed | 
with 
tly, 
gal 
heir 
ed. 
fuse | 
ha 
hat 
ese | 
Der; | 
1 in 

| 
of | 
res | 
and 
and 
hat 
the 
ur- 
of 
lses 
um | 
| 
ion 

| = | 


those parts of the brain: “Jn the medulla the hypothalamic effer- 
ent pressor pathway occupies a large area in the lateral reticular 
formation” (Wanc and Ranson, 1939 b). 

Aside from the observation that the adrenal medulla may be 
activated coincidently with sympathetic vasodilator fibers on 
stimulation in tectal regions, no attempt was made here to eluci- 
date the related problems of localization. As regards the pathways 
descending to the adrenals from the hypothalamus, Harrison, 
Wanc and Berry (1939) reached the following conclusion: “The 
data suggest that such an efferent pathway differs in no essential 
way from that of vasomotor and cervical sympathetics.” This 
implied, in their opinion, that the pathways might run uncrossed, 
or might cross in the brain stem or in spinal segments below the 
cervical level. 

The adrenal medullary responses described in Chapter II: 9 
coincided with activating of the vasodilator and vasoconstrictor 
fibers that have been discussed. It seems plausible, therefore, to 
assume that the localization in the tectum mesencephali as well as 
the descending pathway are consistent with those applying to 
these fibers. 


Summary and Conclusions 


The experimental animals’ brains were examined histologically, 
and stimulated points from which cholinergic sympathetic vaso- 
dilator nerves may have been activated were localized and 
plotted on frontal charts. In order to study further the mesen- 
cephalic extension of active regions, sections of various parts of 
the brain stem were made in acute experiments. The effect of sti- 
mulation proximal to the section site was observed before and after 
the operation. The following conclusions were drawn with regard 
to the intracerebral localization of the sympathetic vasodilator 
pathway (probably they also apply to neurons the activation of 
which produces vasoconstriction in skin and viscera as well as 
secretion of catechols from the adrenals): 
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1. The responsive area is located in the basal parts of the superior 
colliculus, whence the pathway continues ventro-caudad to the 
upper part of the medulla oblongata, where it descends dorso- 
lateral to the tractus pyramidalis. 

2. The mesencephalic region is a part of the hypothalamofugal 
vasodilator pathway. It is continuous rostrally with the sym- 
pathetic vasodilator area in the hypothalamus and caudally with 
the corresponding area in the medulla oblongata. 

3. The tectofugal pathway has a partial crossing, located ventral 
to the substantia grisea centralis approximately in the region of 
the decussatio dorsalis tegmenti. A minor connection may also 
exist between the two sides dorsal to the aqueductus Sylvii. 
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CHAPTER IV 


Character of the Vasomotor Areas 
in the Mesencephalon and their Efferent 
Pathways in the Medulla Oblongata 


It has been possible in the dog, as pointed out earlier, to trace 
the intracerebral course of the sympathetic vasodilator pathway 
from the motor cortex. EL1Asson, LINDGREN and Uvnis (1954), 
in hypothalamic stimulation of chronically decorticated dogs, 
were able to activate sympathetic vasodilator nerves, which 
observations were designed to demonstrate that neurons referable 
to that system had their origin in the anterior hypothalamus. This 
finding was consistent with some earlier experiments conducted 
by Karpius and Kreript (1910) and Macoun (1938), who also 
demonstrated that vasomotor reactions—changes in blood pres- 
sure—could be elicited from the hypothalamus in decorticated 
dogs. 

Histologic studies with a degeneration technique have led to 
the conclusion that hypothalamofugal pathways consist of 
neurons varying in length. BEATTIE, Brow and Lone (1930 a, b) 
thus showed that after lesions of the posterior hypothalamus— 
which regions gave vasomotor responses (blood pressure reactions) 
when stimulated—degenerated fibers could be detected which 
ended in the mesencephalon, medulla oblongata and spinal medulla. 
Having regard to possible synapses, nothing is known of the 
course of the sympathetic vasodilator pathway caudal to the 
hypothalamus. 

Histologic examination of brains enables the stimulated points 
to be rather accurately localized. In general, however, this 
examination does not permit of any valid conclusions regarding the 
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character of the stimulated neurons. The question has to be 
asked: Were the present responses the results of activation of 
afferent or efferent tracts to and from centers located elsewhere, 
or did the stimulation occur in a region of nuclear character with 
cell bodies and synapses? This question is particularly justified in 
the case of the mesencephalon, with its complicated structure. 
Although even a rather superficial study of relatively thick histo- 
logic sections, and still more so a careful study of the cyto- 
architecture, may throw some light on the problem, it will seldom 
warrant assured conclusions. For a more functional investigation 
of the problem, various approaches are available. One of them is 
to produce a small lesion in a region from which a desired 
response has been elicitable, and then leave the animal for a time 
so that interrupted fibers will degenerate peripheral to the lesion. 
These fibers can later be studied with a special histologic tech- 
nique. Another approach is to use a neurophysiologic method, for 
instance with a study of conduction times. A third possibility 
lies in interruption of the connections with higher centers and, 
after a sufficient interval for cut fibers to degenerate, exploration 
of the regions distal to the section with a stimulation technique. 
If animals treated in this way show the same responses as intact 
ones, the activated structures cannot only be efferent fibers from 
higher centers. 

The following experiments for the purpose of studying the 
post-hypothalamic course of the sympathetic vasodilator pathway 
(and also that of the accompanying vasoconstrictor neurons and 
adrenal-activating neurons) were based on this latter principle. 


Methods 


Material 


Successful experiments were performed on 11 chronically 
decerebrated cats (weight 2.2-3.6 kg), 6 decerebrations being of 
bilateral supracollicular type and 5 of unilateral infracollicular 


type. 
131 


| 
| 


Anesthesia 


It was found advantageous, in the acute experiments, to give 
the supracollicularly decerebrated cats light anesthesia, as a result 
of which the motor activity was mitigated on account of weak- 
ened reflexes. The animals received 20-25 mg Dial per kg intra- 
venously. 

Those cats which had undergone unilateral infracollicular 
decerebration were treated, with regard to anesthesia, as ordinary 
intact animals (see Chapter II). 


Preparation of the Animal and Stimulation, Recording 
and Histologic Technique 


The experimental procedure did not diverge from those types 
described in Chapter II; nor did the preparation of the cats. As 
regards the cranial measures the supracollicularly decerebrated 
cats were generally prepared for stimulation in both the mesen- 
cephalon and the medulla oblongata; for mesencephalic stimula- 
tion was sometimes found difficult due to scar tissue, pieces of 
gelfoam and silver clips in the operative field—all of which 
handicapped insertion of the electrodes. 

In the experiments on the infracollicularly decerebrated cats, 
stimulation was done only in the medulla oblongata. The existing 
defect in the occipital bone was enlarged caudad as far as the 
membrana atlanto-occipitalis, and remaining parts of the cere- 
bellum were removed. 

The stimulation and recording techniques were quite unchanged. 

When the experiment had been concluded, the brains were fixed 
with formalin. The position and extent of the decerebration 
section were checked macroscopically and the silver plate re- 
moved. Similarly, relevant parts of the brain were inspected histo- 
logically for identification of stimulated points and for more 
accurate determination of the decerebration trauma. 
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Aseptic Operations 


Supracollicular Decerebration. At the start of the series of 
operations the cats were anesthetized with Nembutal (30 mg per 
kg intraperitoneally). However, this drug produced, after dece- 
rebration and the attendant elimination of all higher centers, such 
deep and prolonged anesthesia that postoperative complications 
caused a very high mortality. 

A controllable anesthetic, ether, was therefore adopted, although 
this method was more laborious. The cats were initially anesthe- 
tized with ether on an open mask, and after muscular relaxation a 
tracheal tube was inserted through which an air and ether mixture 
could then be administered. This administration was terminated 
immediately after the decerebration section. In order to reduce 
the salivation during operation and for a time thereafter, 0.1 mg 
atropine per kg was given intramuscularly about half an hour 
before operation. 

A longitudinal incision was made through the depilated skin 
over the dome of the skull, after which the parietal bones were 
freed of galea and temporal muscles. The periosteum was removed 
with a raspatory, and a hole a few square centimeters in size 
was then made in the parietal bones with a dentist’s drill. The 
dura was opened with T-shaped incisions on either side of the 
sagittal sinus, and stay sutures were applied in its flaps. The falx 
cerebri was then divided, major hemorrhages being prevented by 
application of silver clips. To facilitate orientation of more basal 
cerebral structures, those parts of the hemispheres were removed 
which covered the dorsal part of the corpus callosum and mesen- 
cephalon; layer after layer of the brain substance was coagulated 
by diathermy, then aspirated. 

The most formidable problem associated with actual section of 
the brain stem lay in the major hemorrhages that were difficult 
to arrest. A good way of coping with this was to insert rapidly a 
piece of a metal plate having no sharp edges. A suitable appliance 
of this kind had been prepared in advance out of 0.5mm gauge 
sheet silver, 15-20 mm in width and with the lower edge fashioned 
to the contours of the base of the brain. This silver plate was then 
left undisturbed in the brain. After careful hemostasis a loose 
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Fig. 43. Schematic drawings of the brain stem, dorsal and sagittal views, 
showing the sites of the two types of decerebration sections, bilateral supra- 
collicular and unilateral (left) infracollicular section. (Scale 1.4: 1.) 


tamponade of gelfoam was placed over the wound surfaces of 
the hemispheres, the dura then being sutured. The two temporal 
muscles were sutured together in order to form some protection 
over the defect in the cranium. The skin wound was closed with 
continuous steel sutures. The position of the decerebration section 
just anterior to the mesencephalon is shown in figure 43. 

In most cases the operation resulted in almost total section of 
the brain stem, but to avoid waste of time and labor on the 
postoperative tending of incorrectly operated animals the position 
of the silver plate was checked roentgenographically a day or so 
after the operation. 

The postoperative management of the cats was very exacting. 
In the early postoperative period there was a major risk of aspira- 
tion, and the animals were therefore kept under almost constant 
observation. Since, moreover, their heat regulation had been lost 
they were placed in heated cabinets regulated by thermostats. In 
general a cabinet temperature of 26-28°C was adequate for 
maintaining the rectal temperature at 37-39 degrees. The latter 
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temperature was checked and annotated every two or three hours, 
day and night, until the experiments began. 

As a check on the fluid balance the cats were weighed once or 
twice a day. During the first three days they received fluid only 
parenterally in the form of 75-200 ml saline per kg subcuta- 
neously. Thereafter they were tube fed three times daily with a 
mixture of 40-80 ml milk and finely chopped fish. Fluid too was 
administered parenterally when required. The bladder function was 
checked and vesical puncture done if required. Bronchial toilet 
was also carried out whenever necessary. To combat the danger 
of infection, 100,000 I.U. penicillin was administered daily. 

Those cats that were subsequently used in acute experiments 
had been tended in this way between 6 and 16 days. 

Infracollicular Decerebration. The cats received ether anesthe- 
sia, and the operative technique accorded in principle with that 
in supracollicular decerebration. The operation was performed 
caudal to the tentorium cerebelli. The crista lambdoidea and parts 
of the occipital bone were removed, together with the ventral 
portion of the cerebellum. The silver plate was inserted just be- 
hind the inferior colliculus and approximately in the middle of 
the pons, so that the entire left half of the brain stem was cut 
(see figure 43). Roentgenograms were taken. 

Since half the brain stem in these cats was quite intact, the 
postoperative management did not need to be quite so meticulous 
as in the others; but to be on the safe side most of the same 
precautions were taken. The duration of postoperative manage- 
ment varied from 4 to 9 days. 

In both types of decerebration the mortality was high. Acute 
experiments could be carried through in only 11 of the 24 cats 
that survived the operation itself. A common cause of death was 
intracerebral bleeding in the operative field; another was affection 
of the respiratory system. Pulmonary affection of pneumonic type 
was often found at autopsy. A contributory cause of this may 
have been aspiration of saliva and regurgitated gastric contents. 

Denervation of Fore Paw. In one of the cats that had under- 
gone supracollicular decerebration, the right foreleg was dener- 
vated by the method described in Chapter II, this operation being 
done without anesthesia 6 days after decerebration. 
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Results 
1. Mesencephalon 


In five experiments on cats that had undergone supracollicular 
decerebration, successful attempts were made to elicit vasomotor 
responses by mesencephalic stimulation. The interval between the 
operation and the acute experiment varied between 6 and 16 days. 

In two of these experiments both the muscle blood flow and 
the cutaneous blood flow were recorded in order to study whether 
any change occurred in the reaction pattern. 


Figure 44 shows the result of an experiment in which the cat 
had been decerebrated 14 days previously- The muscle blood flow 
was recorded from both hind legs. Bilateral vasodilatation (1, 2 
and 3 in the figure) occurred on stimulation in basal parts of the 
right superior colliculus about 4mm caudal to the decerebration 
section. After atropine the effects were quite absent. The responses 
in this experiment, as will be seen, were of the same character 
as those elicited by similar stimulation in a cat with intact 
cerebrum. The vasodilator responses had the same latency and 
duration, and the effect of atropine suggested their cholinergic 
nature. Possibly it could be objected that the increase of flow was 
perhaps of somewhat smaller magnitude than that with cor- 
responding stimuli in experiments on non-decerebrated cats. 
Conceivable reasons for this are discussed below. 


It might also be asked whether the other features of the reaction 
pattern appeared in decerebrated animals. The experiment 
illustrated in figure 45 answers this question in the affirmative, 
insofar as the cutaneous vasoconstriction is concerned. Although 
the decrease of flow on stimulation was not very pronounced, 
it was nevertheless quite distinct. That it could not have been a 
case of a compensatory decrease, due for example to mechanical 
factors, is evident from the facts that it occurred despite the rise 
of blood pressure and was unchanged after the muscle vasodilata- 
tion had been blocked with atropine. Hence it must have been 
a case of active vasoconstriction. it may even be worthy of note 
that in this experiment the stimulation was given in the left part 
of the tectum mesencephali. Yet the recorded responses were 
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Fig. 44. Cat 2.0kg. Dial 25 mg/kg. 
Supracollicular decerebration 14 days before the experiment. 
Aa. carotides commun. occluded. Nn. vagi cut. 
Vasodilator responses in the muscles of both hind legs to stimulation in the 
right part of the tectum mesencephali. 
1. Stimulation, 2.5 V, 15 sec. 4. Atropine 0.2 mg/kg I.V. 


2. ” 


referable to the right 
contralateral. 


5. Stimulation, 2.5 V, 15 sec. 


half of the body, the effects thus being 


Due to the relatively few experiments in this series, no intesti- 
nal blood flow was recorded. The question whether mesencephalic 
stimulation in supracollicularly decerebrated animals produced 
vasoconstriction in that area cannot, therefore, be answered. 
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Fig. 45. Cat 2.5 kg. Dial 30 mg/kg. 
Supracollicular decerebration 6 days before the experiment. 
Aa. carotides commun. occluded. Nn. vagi cut. 


Vasodilator responses in the muscles of the right hind leg and vasoconstrictor 
responses in the skin of the right foreleg to stimulation in the left part of the 
tectum mesencephali. 


1. Stimulation, 3.0 V, 10 sec. 4. Stimulation, 3.0 V, 10 sec. 
” ” ” 5 ” ” ” 
3. Atropine 0.2 mg/kg I.V. 


However, the adrenal component was studied in one experi- 
ment. In Chapter II: 9 a method was described of studying the 
effect of adrenal activation via the increased sensitivity of vaso- 
motor denervated vascular areas to adrenal medullary hormones. 
In the experiment illustrated in figure 46 the cat had undergone 
supracollicular decerebration 16 days earlier. Six days thereafter 
the nerves to the right foreleg had been cut in the axillary fossa. 
The muscle blood flow from the right hind leg and the cutaneous 
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Fig. 46. Cat 2.1 kg. Dial 30 mg/kg. 
Supracollicular decerebration 16 days before the experiment. 

Right foreleg denervated 10 days before the experiment. 
Vasodilator responses in the muscles of the right hind leg and vasoconstrictor 
responses in the skin of the right foreleg to stimulation in the right part of 
the tectum mesencephali. 

1. Stimulation, 3.5 V, 10 sec. 4. Adrenals removed. 

2. Atropine 0.1 mg/kg I.V. 5. Stimulation, 3.5 V, 10 sec. 

3. Stimulation, 3.5 V, 10 sec. 
Note that the vasoconstriction in the denervated foreleg disappeared after 
removal of the adrenals. 


flow from the denervated right fore paw were recorded. On 
stimulation with 3.5 volts in the right part of the tectum mesen- 
cephali a few millimeters caudal to the decerebration section, 
pronounced vasodilatation occurred in the muscles. In the dener- 
vated leg considerable vasoconstriction appeared, and was of com- 
paratively long duration. After atropine, 0.1 mg per kg, the 
muscle vasodilatation was substantially reduced but the vaso- 
constriction was virtually unchanged. This vasoconstriction disap- 
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peared almost entirely, however, after bilateral adrenalectomy. 
The blood pressure response to each stimulation was a minor rise. 
A detailed study showed that the character of this response was 
somewhat changed after adrenalectomy. Prior thereto the blood 
pressure rise had been biphasic, with a rapid phase during the 
stimulation itself and a slow phase lasting up to a minute or so 
after stimulation. Subsequently only the rapid phase was present. 
The explanation of this phenomenon is probably that the first 
phase of the blood pressure rise was due to vasoconstriction (in 
the skin and, probably, the intestinal area) via activity in vaso- 
constrictor nerves, but the later phase to vasoconstriction via 
humoral factors. The experiment thus showed that even those 
neurons in the mesencephalon which, when stimulated, result in 
secretion of adrenal medullary hormones are still present in 
chronically decerebrated animals. 


Comment 


The tectum mesencephali is, with respect to its different 
afferent and efferent connections, a complicated structure. It was 
not possible, as pointed out in the foregoing, to identify the vaso- 
active regions, with well-defined anatomic structures, that were 
studied here. Hence it is difficult to discuss in detail various 
tectal nuclear systems and pathways. Moreover, in most investi- 
gations dealing with the anatomic organization, functional aspects 
of the results have not been sufficiently treated to make a com- 
parison worth while. (For details of the anatomy of various 
systems of pathways, vide e.g. RASMUSSEN, 1936; Huser, Crossy, 
WoopsurNnE, GILLILAN, BROWN and TamTHal, 1943; Woop- 
BURNE, CrosBy and McCotter, 1946; Crossy and HENDERSON, 
1948; Crospy and Woopsurne, 1951; MARBURG and WARNER, 
1947; BucHER and Bura, 1950.) 

BEATTIE, BRow and Lone (1930 a,b), in a histologic investi- 
gation on cats, studied the course of hypothalamofugal pathways. 
They produced, under aseptic precautions, lesions in the posterior 
hypothalamus and studied degenerated fibers with the Marchi or 
the Alzheimer-Mann technique. The observed fibers varied con- 
siderably in length. The majority could be traced as far as spinal 
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segments, even the upper lumbar segments, but some ended at 
medullary level. The authors, it is interesting to note, also observ- 
ed short fibers extending no further than to the mesencephalon. 
“Some of the fibers are seen to pass laterally and to enter the 
ventral aspect of the superior colliculus, where they apparently 
end” (BEATTIE, Brow and Lona, 1930 a). It cannot, of course, 
be concluded that these fibers are referable to the sympathetic 
vasodilator pathway. Probably, however, the regions in which 
lesions were produced had been vasomotor active, since the 
authors reported that electrical stimulation there gave rise to 
changes of blood pressure. Having regard to the extension of the 
sympathetic vasodilator pathway in the posterior hypothalamus, 
it is also conceivable that some lesions involved that region too. 

The reported results indicate only that neurons with the various 
functions described have their origin in the tectum mesencephali. 
It is probable that the fibers descending from the hypothalamus 
end in synapses with those mesencephalic neurons. As regards the 
quantitative conditions it is difficult to decide whether all or only 
a part of the hypothalamic neurons synapse. Conceivable is that 
some of them continue as far as spinal level; for long hypotha- 
lamic neurons of this type are known from degeneration studies 
(BEATTIE, Brow and Long, 1930 a, b). However, these hypothala- 
mofugal fibers had a medullary localization different from that 
of the ventro-lateral vasodilator pathway. In the results described 
in the foregoing it was pointed out that the peripheral responses 
in general were quantitatively smaller in decerebrated than in 
normal cats. This could possibly have been due to a decreased 
density of neurons in the stimulated region as a result of degenera- 
tion of the hypothalamic neurons. Yet it has to be borne in mind, 
too, that the decerebrated cats were often in poor general condi- 
tion at the time of the acute experiments. 


2. Pons and Medulla Oblongata 


It has already been pointed out that according to LINDGREN 
and Uvnas (1953b), unilateral stimulation of the sympathetic 
vasodilator pathway in its medullary portion only produced 
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vasodilatation in the ipsilateral muscles. The same authors sup- 
posed that this part of the pathway was only of transiting nature, 
since the pathway in the medulla oblongata is a strictly localized 
narrow tract just dorso-lateral to the tractus pyramidalis and, 
having regard to this position in the ventro-lateral portion, an 
anatomical relationship with e.g. dorsal medullary vasomotor 
structures in the rhomboid fossa is unlikely. 

Since the sympathetic vasodilator pathway studied by Linp- 
GREN and Uvnas (1953 b) in the medulla oblongata in all proba- 
bility constitutes, too, the descending connection of the mesen- 
cephalic sympathetic vasodilator area as described above, it was 
considered important, for elucidation of its nature, to throw 
further light on the character of this medullary pathway. 

In two of the aforementioned experiments on cats that had 
undergone chronic supracollicular decerebration, the medulla 
oblongata too was explored by stimulation. It was established, 
among other things, that stimulation in the ventro-lateral part of 
the medulla oblongata elicited vasodilatation of known character 
in the skeletal muscles, the distribution being ipsilateral. The 
result of one of these experiments is shown in figure 47. Histologic 
examination revealed that the stimulated points were located 
precisely in those regions—dorso-lateral to the tractus pyramidalis 
and ventral to the oliva superior, and further caudad just dorso- 
lateral to the oliva inferior—to which LinpGREN and Uvnas 
(1953 b) and LinpGrEN, RoséN, STRANDBERG and Uvnas (1955) 
had localized the extension of the sympathetic vasodilator 
pathway in that part of the brain. There is considerable evidence, 
therefore, that this pathway is also the efferent one for those 
neurons which have been found to have their origin in the tectum 
mesencephali. 

In five cats that had undergone left intracollicular decerebra- 
tion, similar systematic exploration was undertaken of the portion 
of the medulla oblongata located caudal to the section level, 
between the latter and the level of the obex. (The position of the 
decerebration section is shown in the schematic drawing in figure 
43.) The muscle blood flow was recorded in both hind legs. A 
consistent finding in these experiments was the almost complete 
absence of vasomotor responses on stimulation in the zone on the 
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Fig. 47. Cat 3.0 kg. Dial 30 mg/kg. 
Supracollicular decerebration 16 days before the experiment. 
Sinus caroticus denervated bilaterally. Nn. vagi cut. Artificial respiration. 


Vasodilator responses in the muscles of the ipsilateral hind leg to stimulation 
in the right ventrolateral part of the medulla oblongata. 


1. Stimulation, 2.0 V, 10 sec. 4. Stimulation, 2.0 V, 10 sec. 


” ” ” ” ” ” ” ” ” 

3. Atropine 0.2 mg/kg I.V. 

Note the ipsilateral distribution of the responses. No vasodilatation in the 
muscles of the contralateral leg. 


left side behind the section in the anterior part of the medulla 
oblongata. This zone extended caudally to approximately the 
middle of the rhomboid fossa. Caudal thereto was a region with 
somewhat diffusely scattered pressor points. The silent zone 
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Fig. 48. Schematic drawings of the dorsal aspect of the lower brain stem. 

The projections of the stimulation points and the decerebration section are 

marked. The numbers to the right refer to fig. 49. The peripheral responses in 
the experiment are shown in that figure. (Scale 1.4: 1.) 


contrasted with those vasomotor reactions, chiefly of pressor type, 
that were elicitable in major parts of the medulla oblongata by 
stimulation on the right side, and by stimulation in intact animals. 
It should be made clear, however, that although the vasomotor 
(pressor) structures in the medulla oblongata appeared to be 
rather scattered, the maximal responses were generally obtained 
on stimulation in the vicinity of the fovea inferior (cf. RANSON 
and BILLINGSLEY, 1916). This latter finding also applied to stimu- 
lation in the left fovea inferior. 

In none of the five experiments was it possible, by stimulation 
in the left half of the medulla oblongata, to induce vasodilatation 
in skeletal muscles via activation of sympathetic cholinergic vaso- 
dilator nerves, even though the ventro-lateral parts were explored 
very carefully. On the other hand, in three of the experiments 
control stimulation on the right side did elicit typical vasodilata- 
tion, which was confined to the ipsilateral leg (in the fourth 
experiment no stimulation of this side was performed, in the fifth 
one no typical vasodilatation could be elicited in spite of 
systematic exploration). 

An experiment of this type is illustrated in figure 49. Seven 
days before the experiment, this cat had undergone left decerebra- 
tion just caudal to the inferior colliculus. The muscle blood flow 
was recorded in both hind legs. The positions of the different 
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Fig. 49. Cat 2.8 kg. Dial 70 mg/kg. 


Left infracollicular decerebration 7 days before the experiment. 


Aa. carotides commun. occluded. Nn. vagi cut. Artificial respiration. 


Vascular responses in the muscles of the right and left hind legs to stimulation 


at various points in the medulla oblongata (see fig. 48). 


1. Stim., left 1 mm, 4mm caudal to the section, 2.5 


13. Atropine 0.2 mg/kg I.V. 

14. Stim., right 3.5mm, 9mm caudal to the section, 2.5 
Note the impossibility of eliciting vasodilator responses upon 
the left half of the medulla oblongata. 
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stimulated points—or, more correctly, the electrode channels— 
will be seen from figure 48, where 1, 2, 3 and 4 represent stimula- 
tion on the left side of the medulla oblongata, 4mm caudal to 
the decerebration incision. At each stimulation the electrode tip 
was slowly advanced dorso-ventrad through the cerebral sub- 
stance to the base of the skull, with continuous stimulation. Each 
signal thus denotes the time of stimulation along such a channel. 
At this level no vasomotor responses could be elicited whatsoever; 
no changes occurred, either in blood pressure or blood flow. When 
the electrode was shifted further caudad, 9 mm from the section, 
and advanced into the left inferior fovea, a marked pressor reac- 
tion with rise of blood pressure and bilateral vasoconstriction 
(no. 5) occurred when the tip was 1-2 mm below the dorsal 
surface. One millimeter lateral to this channel there was once 
more a silent zone (no. 6). On the right side, too, a similar pressor 
reaction was elicited by stimulation of a corresponding region 
(no. 7). Continued exploration 2 mm caudad (nos. 8, 9 and 10) 
gave no appreciable result; only slight vasoconstriction at one 
point. On the other hand, the sympathetic vasodilator fibers on 
the right side were readily found (nos. 11 and 12). 


Comment 


Numerous tectofugal pathways extending caudad have been 
described. They vary in length, some being short and ending in 
various nuclear structures in the tegmentum, others longer and 
extending to bulbar or spinal level. Some pathways run crossed, 
some uncrossed, and yet others both crossed and uncrossed. (For 
a detailed review of the anatomical conditions, see the papers 
cited in section 1.) The mesencephalo-bulbar course of the sym- 
pathetic vasodilator pathway described here does not fully coin- 
cide with any of the known tectofugal pathways. Its partial cross 
connection in the decussatio dorsalis tegmenti accords with the 
decussation of e.g. the tractus tecto-spinalis. However, the con- 
tinued course by no means coincides with that pathway, which 
has a medial location immediately ventral to the fasciculus longi- 
tudinalis medialis. Degeneration studies have shown that the 
tectofugal pathways running ventro-caudad vary somewhat with 
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regard to the length of the neurons. Thus both crossed and un- 
crossed tecto-tegmental and tecto-pontine neurons exist. Some of 
them have in part the same course as the tectofugal vasomotor 
pathway studied here, e.g. the tractus tecto-reticularis. With the 
given experimental conditions, however, it cannot be ruled out 
that tegmental synapses exist in addition to tectal ones. 

The failure to elicit any effects by stimulation in the medulla 
oblongata on the same side as the infracollicular decerebration 
section suggests that the sympathetic vasodilator pathway had 
degenerated. Its mesencephalo-bulbar portion would accordingly 
consist of relatively long neurons and be devoid of bulbar synapses. 
BeaTTiE, Brow and Lonc (1930 a, b), as mentioned above, report- 
ed that lesions in the posterior hypothalamus caused degenera- 
tion of fibers as far down as the spinal medulla. The location of 
these hypothalamofugal fibers was, in the upper portion of the 
medulla oblongata, dorso-medial; in the lower portion, caudal 
to the decussatio pyramidarum, ventro-medial—i.e. an extension 
quite differing from the ventro-lateral sympathetic vasodilator 
pathway. This finding also indicates that the latter runs from 
the tectum mesencephali (or just distal thereto), and thus does 
not degenerate after lesions of the hypothalamus—as was shown, 
too, by the experiments on cats which had undergone supracolli- 
cular decerebration. 


Discussion 


The method employed here is based on the well-known fact 
that the distal portion of severed nerve fibers undergoes trophic 
degeneration (and the proximal end, to some extent, retrograde 
degeneration). Histologic methods enable degenerative changes in 
the damaged fibers to be demonstrated after only one day, and 
indeed after but a few hours. After a short time these fibers also 
loose their ability to conduct impulses produced, for example, by 
electrical stimulation. (With regard to various problems of 
degeneration, vide e.g. CajaL, 1928.) 

In an investigation conducted by FriepBerG (1931) into cortico- 
fugal vasomotor pathways in the cat, the same principle was 
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applied. He removed the motor cortex and gave electrical 
stimulation in the internal capsula. He reported that 6-7 days 
after decortication the corticofugal vasomotor fibers had totally 
degenerated and stimulation produced no rises of blood pressure, 
whereas stimulation five days after the operation had elicited 
responses. In the present decerebration experiments acute stimula- 
tion generally took place 7-10 days after the operation. It should 
be noted that in some experiments with infracollicular decerebra- 
tion, functional degeneration had presumably occurred only 4-5 
days after the operation. 

Probably all components of the reaction pattern—vasodilata- 
tion in the skeletal muscles, vasoconstriction in the skin 
(and the intestines?), and activation of the adrenal medulla— 
persisted and were elicitable by tectal stimulation in cats that had 
undergone supracollicular decerebration. This uniformity in the 
neuronal organization lends weight to the view that the various 
sympathetic neurons in question constitute a functional entity. 
The relay station in the tectum mesencephali makes it possible for 
mesencephalic reflexes to activate them. A number of afferent 
pathways run to the tectum mesencephali, and hence there should 
be ample prerequisites for reflexes to be relayed by that route. 
It suffices to mention tectopetal pathways from the cortex, 
hypothalamus, thalamus, from the optic pathway, from various 
bulbar nuclei, from the spinal medulla. 

Whether any impulses that pass this region via different path- 
ways are actually relayed also to the tectofugal sympathetic fibers 
described here is not known, however. As regards one of the 
components, the adrenal medullary activity, it has been claimed 
that a reflex center for the adrenals is located at the transition 
between mesencephalon and medulla oblongata; for CANNON and 
Rapport (1921) observed that decerebration just behind the in- 
ferior colliculus blocked reflex activation of the adrenal medulla 
on stimulation of e.g. the brachial nerve. Both the superior and 
the inferior colliculi, on the other hand, could be removed 
without effect. “These observations place the center immediately 
back of the corpora quadrigemina in the floor of the fourth 
ventricle.” It need not be assumed, however, that CANNON and 
Rapport’s reflex activation of the adrenal medulla occurred via 
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those neurons that run together with the sympathetic vasodilator 
pathway; adrenal medulla-activating neurons probably exist, too, 
in the vasomotor (pressor) active structures that are diffusely 
scattered in the tegmentum and upper part of the medulla oblon- 
gata. The location of their “center” also argues against such an 
assumption. 

The functional significance of the sympathetic vasodilator 
system is discussed further in Chapter VI. 


Summary and Conclusions 


The vasomotor responses to stimulation in the mesencephalon 

and medulla oblongata were studied in acute experiments on cats 
which had undergone chronic supracollicular or infracollicular 
decerebration. It the case of supracollicular decerebration, mesen- 
cephalic stimulation elicited on the whole the same responses as 
those in intact animals. In the case of infracollicular decerebra- 
tion, stimulation in the medulla oblongata did not produce any 
activation of the sympathetic vasodilator pathway. The following 
conclusions are drawn with regard to the neuronal organization. 
/. Neurons referable to the sympathetic vasodilator system have 
their origin in the tectum mesencephali, as do neurons activating 
vasoconstrictor nerves to the skin and those activating the 
splanchnic nerves to the adrenal medulla. Prerequisites therefore 
exist for the region in the tectum mesencephali to have the func- 
tion of an integrative center, where e.g. hypothalamofugal im- 
pulses are relayed. The active structures are, therefore, not only 
descending fibers from the hypothalamic neurons. 
2. The lowest intracerebral relay station in the sympathetic 
vasodilator pathway is located in the mesencephalon; for the 
medullary portion of this pathway has the character of descending 
tectofugal fibers which degenerate on infracollicular decerebra- 
tion. 
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CHAPTER V 


Some Aspects of the Functional 
Significance of the Mesencephalic 
Vasomotor Area and its Relation to 


Medullary Vasomotor Centers 


Different pathways converge to reticular structures in the 
medulla oblongata containing the vasomotor center: excitatory 
and inhibitory pathways, afferent fibers in the spinal medulla, 
nerves from baroceptors and chemoceptors, and, probably, fibers 
of various types from higher regions. Although the influence of 
the various components on the efferent vasomotor outflow can 
often be studied separately, it is generally difficult or almost 
impossible to decide their complicated interrelations. One funda- 
mental problem lies in the significance of the mesencephalofugal 
vasomotor neurons, studied in the present investigation, in rela- 
tion to this bulbar system. Observations made there and by 
LINDGREN and Uvnas (1955) suggest that the vasodilator path- 
way passes the medulla oblongata uninterrupted and without 
connection to the vasomotor center. Whether the same applies to 
the accompanying vasoconstrictor neurons remains to be elucidat- 
ed. Regardless of whether these are relayed as excitatory neurons 
to the bulbar vasoconstrictor center or run directly to spinal 
neurons, the question remains, as with the vasodilator neurons: 
Do they, in the regulation of peripheral resistance, interfere with, 
for instance, baroceptor reflexes and maintenance of vascular 


tone? 


150 


el 


lo 


f 

| 


Methods 


Material and Anesthesia 


The series consisted of 21 cats (weight 2.1-4.3 kg). They were 
anesthetized with Dial in the manner described in Chapter II. 


Preparation of the Animal and Stimulation, 


Recording and Histologic Technique 


The stimulation and operative measures carried out in this part 
of the investigation were concerned not only with the mesen- 
cephalon but also, in great part, with the medulla oblongata and 
pons. To facilitate visualization of this region, the overlying parts 
of the cerebellum were in most cases removed. A heating lamp 
prevented cooling of the exposed portions of the brain. 

The decerebration sections just caudal to the inferior colliculi 
in some experiments were performed with a small scalpel. Al- 
though great care was taken to avoid traumatizing basal arteries, 
bleeding often occurred; the blood was then collected and rein- 
fused to obviate changes in the circulating blood volume. 

In some experiments the dorsal parts of the medulla oblongata 
were destroyed by thermocautery. Bleeding was moderate. The 
cauterized tissue was removed by suction. The extent of the lesion 
in one of the experiments is evident from figures 55 and 56. 

Other preparatory measures taken here were as described in 
Chapter II. 

The same stimulation and recording technique as before were 
employed. 

For clarification of the position and extent of the lesions, and 
for identification of stimulated poiats, several brains were histo- 
logically examined with the previously used technique. 
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Results 


1. Influence of the Mesencephalic Vasomotor Area 
on “Normal” Vascular Tone 


Many different factors are concerned in the regulation of 
vascular tone. Opinions as to their interrelations have varied. 
As regards the nervous factors, most researchers today consider 
that the vasoconstrictor nerves play the principal role. These 
have, under all conditions, some impulse flow, some tone. 
In the normal animal vasoconstrictor tone is considered to be 
governed from the vasoconstrictor center in the medulla oblon- 
gata. If the connections between that center and the periphery 
are interrupted, the result will be an immediate loss of vascular 
tone and hence vasodilatation. This is the case, for example, in 
spinal cord lesions and in sympathectomy. However, the normal 
vascular tone is more or less rapidly restored in that spinal centers 
give rise to some vasoconstrictor tone or the smooth muscle cells 
in the vascular walls acquire their own tone. Even very early 
investigations, with the use of a section technique, served to 
demonstrate the essential importance of the medulla oblongata 
to vascular tone. Thus Dittmar (1870, 1873) and OwsjANNIKOW 
(1871) demonstrated in animal experiments, as was pointed out 
in Chapter I, that section of the brain stem anterior to the 
medulla oblongata did not influence the blood pressure. But when 
the section was made just caudal to that part of the brain, the 
blood pressure fell to very low values. The cause of this was the 
generalized vasodilatation resulting from total loss of vasocon- 
strictor tone. 

As regards a continuous impulse flow in sympathetic vaso- 
dilator nerves—vasodilator tone—nothing has been conclusively 
demonstrated. As mentioned in the foregoing, vasodilator tone was 
an important feature, it is true, of the dualistic theory propounded 
by Baytiss early this century. According to this theory the 
medulla oblongata also contains a vasodilator center, governing 
the activity in vasodilator nerves. At that time, however, the 
existence of sympathetic vasodilator nerves was not taken into 
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account; rather the discussion was largely concerned with para- 
sympathetic vasodilator nerves and vasodilator fibers in the 
dorsal roots. Bay.iss’s theory has probably been abandoned by 
most modern workers, now that the existence of an integrative 
vasodilator center in the medulla oblongata has been found to 
be unlikely. Although depressor reactions are elicitable from those 
structures in the posterior part of the rhomboid fossa, near the 
obex, where the vasodilator center was considered to be located, 
they do not involve any vasodilator nerves but are due to inhibi- 
tion of vasoconstrictor tone (FruMIN, Ncar and Wane, 1953; 
LINDGREN and Uvnas, 1954 a). Moreover, the convincing evidence 
that e.g. the postulated vasodilator fibers in the dorsal roots were 
not involved in depressor reflexes with a central reflex arc, 
completely undermined the foundations on which the theory of 
vascular tone as a result of the balance between vasoconstrictor 
tone and vasodilator tone was based. Further evidence was 
recently presented (LINDGREN and Uvnas, 1955) to show that not 
even sympathetic vasodilator nerves could be activated from the 
vasodilator center, and that the medullary portion of the sym- 
pathetic vasodilator pathway had no connection with that region. 

Several questions nevertheless remain: 

First: Do the sympathetic vasodilator nerves normally have 
any tone; i.e., are the cortical area, the hypothalamic region, and 
the mesencephalic area in which neurons referable to this system 
have been shown to exist, tonic centers? If such a basal tone exists 
in these fibers, is it of a magnitude sufficient to influence the 
blood flow in the skeletal muscles? 

Secondly: Do those vasoconstrictor fibers which can generally 
be activated from the same region as the sympathetic vasodilator 
fibers, possess any basal tone? If so, has it any significance rela- 
tive to normal vascular tone in skin and intestines, and will the 
loss of it be reflected in the blood flow in those regions? 

The questions whether mesencephalic sympathetic vasodilator 
and vasoconstrictor fibers possess any tone is difficult to answer 
on the basis of experiments with the technique employed in the 
present investigation. There is a possibility, on the other hand, of 
finding out whether the loss of any such tone would influence the 
blood flow in a vascular area.—A series of experiments was there- 
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Fig. 50. Cat 2.5 kg. Dial 40 mg/kg. 
Aa. carotides commun. occluded. Nn. vagi cut. 


Vascular responses in the muscles of the right and left hind legs to acute in- 
fracollicular decerebration. 


1. Section of the right half of the brain stem below the colliculus inf.dx. 
2. Section of the left half at the same level. 


Note that the blood flow (i.e, the vascular tone) is unchanged after the 
operations. 


fore conducted in which the brain stem was cut caudal to the 
mesencephalon during the experiment. The vascular effects could 
then be observed by recording the blood pressure and the blood 
flow in different vascular areas. 

In some experiments the muscle blood flow was recorded from 
both hind legs in the usual way. The result of one of them is 
shown in figure 50. In order to obviate any influence of the 
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Fig. 51. Cat 2.9kg. Dial 40 mg/kg. 
Acute supracollicular decerebration. 
Aa. carotides commun. occluded. Nn. vagi cut. 
Vascular responses in the skin of the right and left hind legs to acute in- 
fracollicular decerebration. 
1. Section of the left half of the brain stem below the colliculus inf.sin. 
2. Section of the right half at the same level. 
Note that the blood flow (i.e, the vascular tone) is unchanged after the 
operations. 


baroceptor mechanisms, these latter were eliminated before the 
experiment. Section of the brain stem was done in two stages, one 
side at a time. The operation itself was attended by minor distur- 
bances in the blood pressure and blood flow. They could have 
been due to several factors, such as mechanical stimulation of 
vasomotor fibers with the knife, or adrenal discharge, but did not 
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affect the evaluation of the results. After only a few minutes 
the vascular responses were completely similar to those before 
the sections. If tone had been induced in sympathetic vasodilator 
nerves from the mesencephalon or from centers located more 
rostrally, then the blood flow should have decreased when that 
tone was lost. 


In other experiments the cutaneous blood flow was instead 
recorded in both hind paws. To eliminate the possibility of influ- 
ence from higher centers, especially the hypothalamus, a few of 
these experiments were performed on cats which had undergone 
acute supracollicular decerebration; for StrOm (1950 a) had re- 
ported that the blood flow in the fore paws of the cat sometimes 
showed a transient increase after decerebration. He demonstrated 
that this increase was localized to the pads. The phenomenon 
was interpreted as loss of tone in hypothalamofugal vasoconstric- 
tor fibers serving the heat regulation. 


The experiment illustrated in figure 51 was performed on a 
cat which had undergone supracollicular decerebration a few 
hours earlier. Neither after hemisection nor after section on both 
sides of the brain stem just caudal to the mesencephalon was 
there any change in the blood flow. This might be interpreted 
to mean that the mesencephalofugal vasoconstrictor fibers are 
devoid of significance relative to the normal tone of cutaneous 
vessels. 

StTROM’s observation that if the pads themselves were eliminated 
by ligation, decerebration did not affect the blood flow in the 
paw, was also confirmed in a few experiments. In contrast to 
STROM’s experiments, where intracollicular decerebration was 
done, infracollicular decerebration, with one side at a time, was 
carried out here. The results indicate that neither the mesen- 
cephalon nor the hypothalamus or higher regions have any 
significance relative to normal vasoconstrictor tone to the skin 
of the paw (apart from the pads). 


Comment 


The method employed for studying tone in vasodilator and 
vasoconstrictor fibers is far from ideal. It permits of no direct 
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conclusions, but merely enables one to observe that the mesen- 
cephalic regions probably have no continuous influence on the 
level of the peripheral circulation. But since this latter is in great 
part a function of vasomotor tone, it has nevertheless been 
possible to gain some idea of it and to draw the conclusion that 
there is probably no mesencephalic basal vasomotor tone. 

The baroceptors were functionally eliminated at the outset of 
the experiment. Otherwise these mechanisms would have re- 
adjusted the vascular tone if this had changed after section of the 
brain stem. Thus the term “normal vascular tone” means a 
steady level of vascular tone, high or low, but under resting 
conditions in other respects. 

It should also be borne in mind that the conception, basal tone 
in nerve fibers, referred here to a condition in anesthetized ani- 
mals, and probably is not tantamount to basal tone under physio- 
logic conditions in conscious, intact animals. 

The results are in conformity with those early findings which 
indicated that regions rostral to the medulla oblongata played 
no part in the maintenance of vascular tone and normal blood 
pressure. Yet STROM (1950 a) showed, as pointed out above, that 
centers in higher regions of the brain were not without signific- 
ance relative to the continuous regulation of vasomotor tone. 
Using thermic and electrical stimulation, he studied the role of 
the anterior hypothalamus in the cutaneous circulation. In experi- 
ments similar to those reported here he reached the conclusion 
that in some cases of acute decerebration through the mesen- 
cephalon, there was a substantial though transient increase of blood 
flow in the cat’s pads. In his opinion, those structures in the 
hypothalamus which served the heat regulation were of major 
importance to the level of tone in the vasoconstrictor nerves to the 
areas in question. The vasodilatation in the pads that attended 
decerebration was found, however, only in some experiments; in 
others the blood flow was not changed: “Jf the spontaneous 
vasoconstrictor tone to the skin vessels was high, decerebration 
produced a great increase in cutaneous blood flow, lasting for 
many minutes. If the spontaneous vasoconstrictor tone was low, 
however, decerebration did not materially change the cutaneous 
blood flow.” Str did not study the localization of the descend- 
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ing pathway in the brain stem, wherefore it is difficult to judge 
its relation to the tectal vasoconstrictor neurons. 

In short, it may accordingly be said that the results illustrate 
further the predominant significance of the medullary vasomotor 
centers relative to the continuous regulation of vascular tone in 
an anesthetized animal. 


2. Intluence of the Baroceptor Mechanisms on the 
Vascular Responses to Stimulation in the Mesencephalon 


It has been pointed out in the foregoing that the vascular 
responses studied here were quite irregular insofar as the blood 
pressure was concerned. There was sometimes a rise, usually 
moderate, and sometimes a fall of blood pressure; in some experi- 
ments no changes were found at all. It is conceivable, of course, 
that in those cases where blood pressure variations did occur, 
reflexes via the baroceptor regions could have influenced the 
recorded peripheral responses, either amplifying or counteracting. 
That any of these responses could have been due solely to such 
reflexes seems implausible, however, having regard, for instance, 
to those peripheral responses of characteristic appearance that 
were not manifested in blood pressure variations (cf. Chapter II). 

Many of the experiments described were performed on animals 
in which the baroceptor mechanisms had been functioni!ly elli- 
minated—by bilateral vagotomy and occlusion of both carotids, 
or bilateral denervation of the carotid sinus. This had no qualitat- 
ive effect on the responses induced by mesencephalic stimulation. 
As regards the vasodilatation in skeletal muscles, the impression 
was gained that the increase of blood flow was often greater in 
animals with functionally eliminated baroceptor mechanisms. The 
explanation of this may lie in the generally higher vasoconstrictor 
tone and hence the higher vascular tone that prevail under such 
conditions. 

With the aim of studying more carefully the significance of 
the baroceptor mechanisms, a few experiments were performed in 
which the responses to stimulation before and after elimination of 
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Fig. 52. Cat 2.4kg. Dial 60 mg/kg. Nn. vagi cut. Artificial respiration. 
Vasodilator responses in the muscles of the right hind leg to stimulation in 
the right part of the tectum mesencephali before and after functional elimina- 
tion of the sinus baroceptor mechanisms. 


1. Stimulation, 2.5 V, 10 sec. 4. Stimulation, 2.5 V, 10 sec. 
5. Atropine 0.2 mg/kg I.V. 
3. Aa. carotides commun. occluded. 6. Stimulation, 2.5 V, 10 sec. 


Note the fall of blood pressure on stimulation after occlusion of the common 
carotids; the vasodilator response is uninfluenced. 


those mechanisms were compared. The result of one such experi- 
ment is shown in figure 52. Bilateral vagotomy had been done 
at the outset. Repeated stimulation in the tectum mesencephali 
elicited a pronounced increase of flow in the muscles of the 
right hind leg. It will be noted specially that no changes of 
blood pressure occurred. It might be asked how this blood pressure 
balance was brought about. In the relevant experiment the blood 
flow was not recorded in any other vascular area than a muscular 
region, but numerous experiments reported earlier have shown the 
cutaneous and intestinal vasoconstriction attending vasodilatation 
in the muscles. For this reason the total peripheral resistance may 
not have been changed, so that the peripheral responses were not 
reflected in blood pressure phenomena. Nor, however, must the 
levelling effect of the sinus mechanisms be disregarded. When 
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these were eliminated by occlusion of both carotids (the barocep- 
tors in the aortic region had already been eliminated at the outset), 
the blood pressure level rose from 140 mm to about 200 mm Hg. 
Evidently there had been a general increase of vasoconstrictor 
tone, i.e. in the skeletal muscles too; for notwithstanding the 
increased blood pressure the flow in the vascular area studied was 
only very slightly higher than before. Stimulation at the same 
point and with the same intensity as before, still produced a 
substantial increase of flow in the muscles. In addition there was 
a distinct fall of blood pressure, yet even so the increase of flow 
was greater than before. 

Was this fall of blood pressure due solely to elimination of 
the buffer mechanisms? This, of course, played a role, but it 
should also be borne in mind that the high vasoconstrictor tone 
in fibers to e.g. skin and intestinal areas probably could have 
increased further only to a minor degree as a result of stimula- 
tion.—It may be mentioned that in some experiments stimulation 
nevertheless caused an increase of tone, reflected in a rise of blood 
pressure particularly after atropinization (see e.g. figure 28).— 
In view of this high vasoconstrictor tone, the blood pressure 
levelling mechanism constituted by concomitant increase of the 
vasoconstrictor impulses to the relevant vascular areas might 
therefore, to a large degree, have been put out of action. The 
vasodilatation in the muscles would thus have reduced the total 
peripheral resistance, and the fall of blood pressure was the 
visible evidence of this. After atropine, stimulation no longer had 
any effect on the blood flow, and hence caused no fall of blood 
pressure. 

The results of this experiment suggest, in short, that the 
peripheral responses (at all events vasodilatation) to stimulation 
in the tectum mesencephali are quantitatively dependent on vaso- 
constrictor tone but are qualitatively independent of the barocep- 
tor mechanisms. 

It is more difficult by similar experiments to demonstrate 
univocally the independence of the vasoconstrictor component 
relative to the baroceptor mechanisms. As a result of the high 
vasoconstrictor tone following elimination of the baroceptors, 
the responses were often dominated by the vasodilatation and 
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fall of blood pressure. In view of this latter, it cannot be said with 
any assurance whether a decrease of flow in e.g. a cutaneous 
area is largely passive thereto, or is attributable to active vaso- 
constriction. One approach, however, is to study the conditions 
in atropinized animals in which vasodilatation and fall of blood 
pressure have been blocked. Several experiments showed that 
the vasoconstriction, for instance in the skin, induced by stimula- 
tion in the tectum mesencephali still persisted after atropine (see 
e.g. figures 11 and 28), both in cats with intact and in those with 
eliminated baroceptors. The vasoconstriction was usually mani- 
fested as a rise of blood pressure; in no case was there any fall 
that might conceivably have produced the decrease of flow 
hemodynamically or via baroceptor reflexes. The vasoconstrictor 
impulses to the skin and splanchnic region must be considered to 
be independent of the baroceptor mechanisms. 


Comment 


The present results are in accordance with those of earlier 
investigations that elucidated the problem of the existence of a 
functional relationship between the baroceptor mechanisms 
and the sympathetic vasodilator system, from a somewhat 
different point of view: Do sympathetic vasodilator nerves 
participate in baroceptor reflexes? The answer was in the negative 
and it was shown that vasodilatation occurring on activation of 
the baroceptors is caused by inhibition of the vasoconstrictor 
tone (FoLkow and Uvnis, 1948b; Frumin, and WANG, 
1953; LinDGREN and Uvnas, 1955). 

The results show that the reaction pattern in activation of the 
mesencephalic vasomotor neurons is unchanged after elimination 
of the baroceptor mechanisms and independent of the level of the 
continuous vasoconstrictor tone. They indicate, too, that none of 
the observed components of the reaction pattern are due to those 
baroceptor mechanisms. However, these latter naturally function 
as usual in blood pressure variations induced by mesencephalic 
stimulation, and contribute to a quantitative modification of the 
peripheral responses. 
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3. Relation of Mesencephalofugal Vasomotor Pathways 
to Bulbar Vasoconstrictor and Vasodilator “Centers” 


From the results reported in Chapter IV it was evident that the 
tectum mesencephali contains independent vasomotor neurons of 
different types. Various sympathetic components are represented 
there: vasodilator neurons to the muscles, vasoconstrictor neurons 
to cutaneous and intestinal areas, and excitatory neurons to the 
adrenal medulla. It was shown to be probable that the efferent 
vasodilator pathway passed the medulla oblongata without 
further synapses. The efferent fibers from the mesencephalon 
were located in the ventro-lateral part of the medulla oblongata, 
from which LinpGrEN and Uvnas (1953 b), in experiments on 
animals with intact brains, showed that sympathetic vasodilator 
nerves could be activated. They stated that the muscle vasodilata- 
tion was accompanied by vasoconstriction in skin and splanchnic 
areas. It was regarded as a result of direct activation of vaso- 
constrictor fibers running together with the sympathetic vasodi- 
lator fibers in the medulla oblongata. In principle, therefore, the 
reaction pattern seems to have resembled that induced by stimula- 
tion in the tectum mesencephali. As was pointed out above, too, 
there is good reason to believe that those efferent pathways of 
the different components which originate there, run in that 
circumscribed part of the medulla oblongata and are identical 
with the pathways studied by LinpGREN and Uvnas. 

These authors held that vasodilator responses to medullary 
stimulation were solely ipsilateral. They did not enter into any 
discussion of the distribution of the vasoconstrictor responses, 
but those in the experiments reported were ipsilateral. 

In order to find out if the vasoconstrictor responses too were 
ipsilateral, the following type of experiment was conducted. The 
cat was prepared for stimulation in the medulla oblongata. The 
blood flow was recorded in three areas concurrently: in both 
hind paws and in the muscles of the right hind leg. The result of 
such an experiment is shown in figure 53. Stimulation was given 
in the medulla oblongata at the level of the oliva superior, 4 mm 
to the right of the midline and about 2 mm above the ventral 
surface. The result was characteristic vasodilatation in the 
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Fig. 53. Cat 3.2kg. Dial 45 mg/kg. 
Adrenals removed. Aa. carotides commun. occluded. Tn. vagi cut. 
Vasoconstrictor responses in the skin of the right hind leg and vasodilator 
responses in the muscles of the same leg to stimulation of the sympathetic 
vasodilator pathway in the right part of the medulla oblongata. 


1. Stimulation, 2.5 V, 10 sec. 4. Stimulation, 2.5 V, 10 sec. 


” ” ” ” 
3. Atropine 0.2 mg/kg I.V. 
Note that the vasoconstrictor responses in the skin accompanying the vaso- 
dilator responses in the muscles occurred only in the ipsilateral leg. 
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Fig. 54. Cat 3.0 kg. Dial 50 mg/kg. 
Adrenals removed. A. carotis com- 
mun. sin. occluded.’ 


Vasoconstrictor responses in the skin 
of the left and right hind legs and 
in the muscles of the right hind leg 
to stimulation of the ‘‘vasoconstrictor 
center” in the fovea inferior in the 
right part of the medulla oblongata. 


1. Stimulation, 2.0 V, 10 sec. 
Note the bilateral distribution of 
vasoconstrictor responses to unilat- 
eral stimulation. 
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muscles. Considerable vasoconstriction occurred in the ipsilateral 
hind paw, but the blood flow from the contralateral paw showed 
no significant changes. The blood pressure response consisted of a 
negligible initial rise, followed by a slight decrease. The muscle 
vasodilatation was blocked as usual after atropine. The vasomotor 
reactions in the skin, on the other hand, were unchanged and 
gave rise to a slight rise of blood pressure. 

For purposes of comparison similar experiments were performed 
with stimulation of another medullary structure, located more 
dorsally in the rhomboid fossa, the vasoconstrictor center. Stimu- 
lation of the vasoconstrictor center on the right side in the fovea 
inferior, 1-2 mm below the dorsal surface, produced, as shown 
in figure 54, pronounced bilateral vasoconstrictor responses in the 
skin (both hind paws), attended by a substantial rise of blood 
pressure. This notwithstanding, the muscle blood flow also dimin- 
ished somewhat, suggesting vasoconstrictor involvement of that 
vascular area too, even though it was not so pronounced as that 
in the skin. 

Having regard to the role of predominant central region for 
the vasomotor control, which this vasoconstrictor center in the 
medulla oblongata has earlier been accounted, these results are 
interesting. The most likely explanation of the different distribu- 
tions of vasoconstrictor impulses to cutaneous vessels on stimula- 
tion in ventro-lateral parts of the medulla oblongata, compared 
with stimulation in the vasoconstrictor center, seems to be that the 
vasoconstrictor fibers from the mesencephalon pass the medulla 
oblongata without being connected with or relayed via that 
vasoconstrictor center. If this hypothesis were correct, then it 
would be possible to remove the whole of this area in the medulla 
oblongata, and vasoconstrictor impulses elicited from the mesen- 
cephalon would still be conducted. 

With a view to studying this possibility, experiments of the 
following type were performed. (The result of one of them is 
shown in figure 57.) The cat was prepared for stimulation in the 
tectum mesencephali by opening the skull over the posterior 
lobes in the usual manner. In addition, the occipital bone 
and most of the cerebellum were removed in order to 
facilitate inspection of the medulla oblongata. To obviate any 
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Fig. 55. Schematic drawings of the brain stem, dorsal and sagittal views, 
showing the extension of the cauterized area and localization of the mesen- 
cephalic stimulation point. The responses in this experiment are shown in 
fig. 57. The section through the medulla oblongata in the sagittal view in- 
dicates the level of the frontal section shown in fig. 56. (Scale 1.4: 1.) 


effects from the adrenals, those organs were eliminated at the 
start of the experiment. Similarly, bilateral vagotomy was done 
in order to have the carotid sinuses on either side as the only 
baroceptor regions. Only the blood pressure was recorded. Stimu- 
lation in the tectum mesencephali produced comparatively large 
rises of blood pressure (1 and 2 in figure 57); in order to render 
these more distinct, 0.1 mg atropine per kg had been given at the 
start in order to block the vasodilator component. Occlusion of 
both carotids was used as a test of the integrity of the dorsal 
medullary vasomotor functions (vasomotor center).—This measure 
abruptly reduces the pressure in the carotid sinus, the normal 
inhibition of vasoconstrictor tone thus ceasing.—Bilateral occlu- 
sion of the carotids, as will be seen from 3, 4 and 5 in the figure, 
caused very pronounced rises of blood pressure. At 6 in the figure, 
bilateral cauterization was done of the dorsal structures of the 
medulla oblongata. The damaged tissues were removed by suction. 
The extent of the lesion, which involved the vasoconstrictor 
center and depressor area bilaterally as well as large adjacent 
zones, will be seen from figures 55 and 56. During the course of a 
few minutes thereafter the blood pressure fell to 80-60 mm Hg, 
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Fig. 56. Histological frontal sections through the medulla oblongata imme- 

diately anterior to the oliva inferior. The right section shows the non-removed 

parts at this level (the experiment is described in detail in figure 57); the left 
one is from a normal brain. (Scale 2.5: 1.) 


the initial level having been 140 mm Hg. Occlusion of the carotids 
still produced a very slight pressor effect (7 and 8 in the figure). 
This could naturally have been a result of nervous vasoconstrictor 
activity, but another possible explanation is that when the arteries 
to the head were occluded the entire cardiac output was suddenly 
distributed to other parts of the body, thus raising the pressure 
somewhat. When the occlusion was effected less abruptly, during 
the course of 5-10 seconds, the slight rise of blood pressure (no. 9) 
did not appear. 

Yet further stimulation in the tectum mesencephali still pro- 
duced a rise (nos. 10 and 11), showing that the neurons mediating 
these impulses were located in the ventral parts of the medulla 
oblongata and had no connection with the dorsal tone-regulating 
centers. One proof that the cauterization of the tone-regulating 
structures was complete—i.e. that the loss of centrally induced 
vasoconstrictor tone was total—is that section of the spinal cord 
at first cervical level did not reduce the blood pressure further. 
The experiment suggests, too, that vasoconstrictor neurons from 


the mesencephalon or structures located higher were non-tonic. 


Comment 


Most workers appear to hold the view that vasomotor responses 
produced via higher regions—the cortex, hypothalamus, and mes- 
encephalon—are bilateral. As to the medulla oblongata, however, 


opinions are more divided. 
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As regards the medullary portion of the sympathetic vaso- 
dilator fibers, available reports are in agreement that unilateral 
activation produces ipsilateral vasodilatation in the skeletal 
muscles. Bearing this in mind, it is not surprising that the accom- 
panying vasoconstrictor fibers have also been found to have only 
an ipsilateral distribution. Since stimulation in another region of 
the medulla oblongata induced both ipsilateral and contralateral 
vasoconstriction in the skin, the conclusion can scarcely be other 
than that there are two different efferent vasoconstrictor path- 
ways in and from the medulla oblongata. 

The bilateral response to activation of medullary structures is 
doubtless the commonest. This applies, at all events, to the follow- 
ing three types: 

Vasoconstrictor center. The effects of stimulation of the region 
round the fovea inferior were carefully investigated by CHEN, 
Lim, Wano and Yr (1936). Unilateral stimulation produced 
bilateral vasoconstriction in the kidneys, bilateral mydriasis, con- 
traction of both nictitating membranes, and mostly bilateral vaso- 
constriction in the extremities (in some cases this latter was only 
ipsilateral). The same authors, in a further paper (1937 c) reported 
that the partial decussation of the efferent pathways from the 
vasoconstrictor centers of either side was located at spinal level, 
caudal to the second cervical segment. Harrison, WANG and 
Berry (1939) arrived at similar results. 

Depressor area. Unilateral stimulation of the depressor area 
invariably produces bilateral inhibition of vasoconstrictor tone 
(LinDGREN and Uvnas 1954 a). 

Baroceptor reflexes. These reflexes, too, are effected to both 
sides. For instance, unilateral afferent stimulation of a sinus or 
vagus nerve serves to inhibit vasoconstrictor tone in both hind 
legs (e.g. LinDGREN and Uvnas, 1955). 

These three mechanisms can probably be regarded as a func- 
tional entity, even though the detailed neuronal relationships are 
not fully elucidated. Characteristic, too, is that a small lesion of 
these dorsal structures in the medulla oblongata often affects more 
than one of the mechanisms. LinDGREN and Uvnas (1954 a) thus 
reported that cauterization of the depressor area blocked de- 
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pressor responses to stimulation of the sinus and vagus nerves. 
Sun, WANG and Lim (1936) recorded similar findings in cauteriza- 
tion of the pressor region. 

The experiments undertaken here, with removal of these dorsal 
regions leaving only the most ventral parts of the medulla oblon- 
gata—whereby the mesencephalofugal vasoconstrictor pathway 
was shown to be intact—also support the view that two separate 
vasoconstrictor pathways exist as far down as spinal level. How 
these pathways run in relation to each other after the first to 
second cervical level is not known; probably they both run in 
the ventrolateral column. It has been observed, at all events, that 
vasoconstrictor pathways from both the hypothalamus (WaNnc 
and Ranson, 1939 b) and the vasoconstrictor center in the medulla 
oblongata (CHEN, Lim, Wane and Y1, 1937) have that course. 

The medullary organization of those vasoconstrictor neurons 
to skin and splanchnic area which accompany the sympathetic 
vasodilator fibers seems, accordingly, to be analogous with that 
of the latter. As regards the vasodilator neurons, LINDGREN and 
Uvnas (1955) maintained that they had no anatomic or functional! 
connection with the dorsal medullary vasomotor system. 


Discussion 


The results, in short, point to the existence of separate vaso- 
motor “centers” in the mesencephalon and medulla oblongata, 
fully differentiated anatomically, with separate efferent path- 
ways running directly to spinal neurons, and probably with 
different functions. Some authors have expressed similar views 
with regard to the relation between hypothalamus and medulla 
oblongata in the vasomotor sense. WANG and Ranson (1939 b), 
for instance, discussing the location of the hypothalamofugal 
pathways in the medulla oblongata, wrote: “/t is reasonable to 
assume that in the periventricular gray of the floor of the fourth 
ventricle (about 2.5mm in depth) there is a region from which 
pressor responses are elicitable but which differs from the lateral 
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reticular formation in its relation to the hypothalamus; the former 
being the semi-independent reflex vasomotor center and the latter 
constituting the main hypothalamic efferent pathway.” 

The mesencephalo-spinal tract studied here (as a continuation 
of the cortico-hypothalamo-mesencephalic portion of the same 
pathway) must not of course, where pressor fibers are concerned, 
be regarded as the only, or even the main, descending connection 
from supramedullary parts of the brain. On the contrary, it was 
possible to verify earlier findings that such neurons are diffusely 
scattered over large parts of the brain stem. They probably in- 
clude some neurons that produce pressor responses by running to 
the vasoconstrictor center in the medulla oblongata; others per- 
haps extend to spinal level. 

THompson and Bacu (1950), in contrast to WANG and RANSON 
(1939 b), asserted that hypothalamic vasomotor impulses were 
chiefly effected via the bulbar vasomotor center. Electrical stimu- 
lation in the posterior hypothalamus or anterior mesencephalon 
in cats elicited both pressor and depressor reactions. Circum- 
scribed lesions of the lateral and of the medial reticular forma- 
tion in the medulla oblongata reduced or blocked the effects. 
However, the lesions were fairly discrete and could not possibly 
have involved the whole area constituting the vasomotor center. 
It is conceivable that some hypothalamo-spinal connections were 
interrupted, too. 

It is probable that as regards hypothalamo-mesencephalofugal 
vasoconstrictor fibers there are different pathways with different 
bulbar localizations and organizations. The question now arises: 
What is the function of those hypothalamofugal excitatory and 
inhibitory neurons that run to the vasomotor center? The bulbar 
vasomotor tone, reflexes, etc. are considered, as is known, to 
persist after interruption of connections from higher regions of 
the brain. As has emerged, for instance, from the results presented 
here, the aforementioned pathways are probably non-tonic and 
of no importance to the level of vascular tone in anesthetized 
animals, any more than other hypothalamo-mesencephalofugal 
pathways (aside from those fibers that serve the thermoregula- 


tion). 
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For further comment on the functional significance of the 
sympathetic vasodilator system and its vasoconstrictor and 
adreno-medullary components, reference should be made to the 
general discussion. 


Sum nary and Conclusions 


The anatomic and functional relation of the tectal vasomotor 
neurons to the bulbar vasomotor center was investigated in acute 
experiments. The effect of section of the tectofugal vasodilator 
and vasoconstrictor pathways on the blood flow in muscles and 
skin was studied, and likewise the influence of the baroceptor 
mechanisms on responses to stimulation. Attention is drawn to 
the unilateral distribution of the ventro-lateral tectofugal vaso- 
motor pathway, compared with the bilateral responses from the 
vasoconstrictor center and the depressor area. In other experi- 
ments the transmission of vasomotor impulses from the mesen- 
cephalon was investigated after destruction of those bulbar regions. 

The following conclusions are drawn. 

1. The mesencephalic vasodilator and vasoconstrictor neurons 
have no significance relative to the continuous maintenance of 
vascular tone in the muscles and skin of anesthetized cats; i.e., 
they probably have only very slight basal activity or none at all. 
Vascular tone is maintained by the medullary vasomotor center. 
2. The vascular responses to stimulation in the tectum mesen- 
cephali are qualitatively independent of the baroceptor reflexes. 
3. The tectofugal vasodilator and vasoconstrictor pathways are 
anatomically and functionally separate from the vasoconstrictor 
center and the depressor area in the medulla oblongata. 
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CHAPTER VI 


General Discussion 


“The question arises as to the role of the sympathetic centres 
in the hypothalamus and myelencephalon..... 

“Whether the hypothalamic discharges act directly on the 
spinal sympathetic (preganglionic) cells or whether they are 
relayed via the myelencephalic neurones, we do not know..... 

“Thus it is suggested that ‘postural sympathetic re- 
flexes’ are mediated through the myelencephalic centre, while 
‘emotional sympathetic reactions are aroused 
through the hypothalamic centre.” (Lim, 1938) 

Even though the commonest view is probably that vasomotor 
regions in different parts of the brain directly constitute, in the 
functional sense, higher or lower links, as the case may be, in one 
and the same chain, the idea is evidently not new that the central 
nervous system contains different vasomotor systems having 
separate centers, separate efferent pathways and separate func- 
tions. In accordance with the hypothesis quoted above, a distinc- 
tion has therefore been made between the hypothalamic and the 
medullary system. The discussion has usually concerned the whole 
of the sympathetic nervous system with its various components. 
As regards the vasomotor component it has concerned only 
different vasoconstrictor centers and pathways and sometimes 
vasoconstrictor-inhibitory ones—for central sympathetic vaso- 
dilator neurons have been known only for a few years. 

Such hypotheses of separate intracerebral sympathetic pathways 
are supported both by earlier findings and by the present observa- 
tions as to the sympathetic vasodilator system with special refer- 
ence to its intracerebral localization and functional relation to the 
medullary vasomotor apparatus. The results reported in Chapter V 
regarding the organization of those vasoconstrictor neurons which 
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accompany the sympathetic vasodilator pathway, also lend con- 
siderable weight to Lim’s theory. The fact that the mesencephalon, 
and not the hypothalamus, probably constitutes the most caudal 
relay station for these vasoconstrictor neurons does not alter the 
principle of the theory. The most important corollary seems to 
be that these vasoconstrictor fibers and those running from the 
vasoconstrictor center in the medulla oblongata converge at spinal 
level; probably both groups run to the same preganglionic cells 
in the lateral horn. The organization of these autonomic pathways 
would thus be analogous with that existing in the somatic system 
and the preganglionic neurons would constitute what, in the 
latter system, SHERRINGTON called “the common final path”. 

Whether there exist, in addition to these two, other vasocon- 
strictor pathways converging 2* .pinal level is not known. That 
such is the case does not seem inconceivable: in both the hypotha- 
lamus and the mesencephalon pressor reactions can be elicited 
from entirely different regions than those representing the sym- 
pathetic vasodilator pathway—and only some of these reactions 
are likely to be effected via the vasomotor center in the medulla 
oblongata. The efferent pathways from the thermoregulating 
center in the hypothalamus must also be considered. Different 
vasoconstrictor areas with separate efferent pathways, at all events 
in the upper part of the brain stem, have been found in the cortex 
(HunsICcKER and SprEGEL, 1934; SprEGEL and HunsICKER, 1936; 
GREEN and HartTZELL, 1938; Watt and Davis, 1951). 

By comparison with the vasoconstrictor neurons the sympathetic 
vasodilator pathway presents a fairly simple structure. Its neuronal 
organization does not seem to be very complicated, cortex— 
hypothalamus—mesencephalon, with the mesencephalic neurons 
probably running to preganglionic sympathetic vasodilator neurons 
in the lateral horn. In figure 58 is a schematic representation of 
the probable central and peripheral extension of this pathway. 

In what functions, then, are the two nervous systems involved? 
What reflexes and other nervous manifestations are mediated via 
the centers in the medulla oblongata, exciting or inhibiting the 
preganglionic vasoconstrictor neurons distributed to all tissues, 
and which of them are relayed via the cortex, hypothalamus 
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Fig. 58. Schematic drawing showing the central and peripheral extension of 
the sympathetic vasodilator pathways. 
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or mesencephalon to vasodilator neurons to skeletal muscles and 
vasoconstrictor neurons to skin and viscera? 

Reflexes via the first-named system are well known. Impulses 
from the baroceptors occur both at rest and during exercise. 
Whether these afferent impulses directly inhibit the tonic activity 
of the medullary vasoconstrictor center or, via a medullary 
inhibitory center, inhibit at spinal level does not seem to be fully 
elucidated. That the latter mechanism at least occurs was shown by 
Lim, WaNnG and Yi (1938), Y1 (1938) and by ALEXANDER (1946). 
Further, Cuen, Lim, Wanc and Yr (1937 a) demonstrated that 
pressor reflexes, with spinal nerves (brachial and ischiatic) as 
afferent pathways, are relayed via the vasoconstrictor center. The 
medullary centers also received facilitating and inhibitory impulses 
from higher centers, e.g. the hypothalamus (THomPson and Bacu, 
1950). The implications of this are but little known, however. 

Several authors-investigating medullary vasomotor reflexes— 
depressor ones—have specially sought possible activation of 
cholinergic sympathetic vasodilator fibers as the efferent link. 
Fotkow and Uvnas (1948 b) demonstrated that vasodilator re- 
sponses to baroceptor activity or to afferent stimulation of a 
peripheral nerve (brachial) were not brought about via those 
fibers. Similar results were presented by Frumin, Neal and WANG 
(1953) as regards activation of the carotid sinus or the aortic 
arch baroceptors. They wrote: “Jt is concluded that the only 
mechanism for eliciting dilatation through medullary reflexes is 
inhibition of sympathetic constrictor discharge.” 

As regards the function of the sympathetic vasodilator system 
our knowledge is very imperfect; virtually nothing is known of 
the activity in its central part under physiologic conditions. If 
coincident activation of the various components were the case, it 
would assuredly be appropriate in some situations. A redistribution 
of the circulating blood volume from skin and viscera to skeletal 
muscles creates optimal conditions for muscular work. Numerous 
investigations have demonstrated that these phenomena may 
indeed occur. For instance, HERRICK, GRINDLAY, BALDES and 
MANN (1940) found that the blood flow increased two- to ten-fold 
in the hind legs of running dogs but was unchanged in the viscera 
even though the blood pressure rose. Experiments on human 
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beings have shown, in the initial stage of muscular exercise, such 
rapid changes in the circulation (cutaneous vasoconstriction, 
increase of minute volume) that they must be attributed to 
nervous regulation (KROGH and LINDHARD, 1913; AsMUSSEN, 
CHRISTENSEN and NIELSEN, 1940; CHRISTENSEN and NIELSEN, 
1942). Quite recently HotmGren (1955) showed that even the 
first heart beat at the start of muscular exercise presented a 
shortening of diastole, and during the course of the first ten 
seconds there was a minor, though characteristic blood pressure 
variation consisting of a slight rise, a transient fall, and then a 
further rise. Even though such circulatory changes do not neces- 
sarily involve vasodilator impulses to the muscles—FLEIscH (1929, 
1932), for example, did not believe in such a phenomenon—they 
nevertheless have to be regarded as the results of cortical activity. 
Lunp (1947) believed that the cutaneous vasoconstriction was 
due to impulses from the motor cortex concurrently with the 
somatomotor impulses, but was inclined to attribute the initial 
muscle vasodilatation to reflexes resulting from elevated blood 
pressure. It is remarkable, however, to note the localization of 
cortical sympathetic vasodilator neurons in the motor area 
(ELIAssON, LINDGREN and Uvnas, 1952)—a finding that may 
suggest coincident activation of those and of somatic motor 
neurons. 

Although supramedullary vasomotor functions probably play 
an important role in muscular work, at all events in the early 
stages of it, the medullary mechanisms such as the baroceptor 
ones must not be forgotten. EuLer and LILjestRAND (1946), 
experimenting on cats and dogs, found that muscular work induced 
a substantial fall in blood pressure after denervation of both 
sinus regions and bilateral vagotomy, whereas the same rate of 
work did not alter the blood pressure in normal animals. They 
used anesthetized animals, however, and the muscular contractions 
were due to electrical stimulation of spinal cord or peripheral 
nerves. Therefore, conclusions can scarcely be drawn as to the 
significance of supramedullary vasomotor impulses attending 
motor activity. 

It would seem natural for the sympathetic vasodilator system 
(with the relevant vasoconstrictor nerves to other vascular areas 
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and excitatory nerves to the adrenals) to be involved in states 
of sudden effort. That the adrenals are stimulated in fright reac- 
tions was already shown, in the cat and dog, by CANNON and DE 
LA Paz (1911). Such conditions—emergency states—were further 
studied, particularly with respect to the autonomic components, by 
CANNON and his associates (vide e.g. CANNON, 1928; CANNON 
and RosENBLUETH, 1937). Those authors found them to be charac- 
terized by mass activation of the sympathetic nervous system. 
The hypothalamus was regarded as an integrative region in these 
discharges (BARD, 1928). Whether sham rage reactions, for 
example, are associated with a discharge even in sympathetic 
vasodilator neurons is not known but does not seem unlikely; 
the hypothesis was already propounded when the hypothalamic 
representation of those neurons was demonstrated (ELIAssON, 
Fotkow, LInDGREN and Uvnis, 1951). 

By exteriorizing of a small area of colonic mucosa the vascular 
reactions therein can be directly observed under varying conditions. 
Drury, Frorey and Fiorey (1929), studying dogs treated in 
this way, observed that fright was associated with abrupt pallor 
of the colonic mucosa with a latency of 4-5 seconds, suggestive 
of pronounced vasoconstriction. The same reaction appeared in 
an adrenalectomized animal. Similar visceral vasoconstriction was 
also observed initially in connection with sudden muscular effort 
(BaRcrorT and Fiorey, 1929). 

Such experiments naturally afford no clue as to the intracerebral 
pathways of the vasomotor impulses; they merely indicate that 
cerebral regions are involved. 

In experiments on human beings, BARcRorT and his associates 
(BARCROFT, EDHOLM, MCMICHAEL and SHARPEY-SCHAFER, 1944; 
Barcrort and EpuHoim, 1945) reached the conclusion that 
sympathetic vasodilator fibers to the skeletal muscles were activ- 
ated in posthemorrhagic syncope. The actual mechanism and 
detailed reflex arc are unknown. Syncope is generally associated 
with marked pallor, and cutaneous vasoconstriction can usually 
be recorded objectively with a plethysmographic method (Bar- 
CROFT, EDHOLM, 1945). SNELL, CRANSTON and GERBRANDY (1955), 
however, by measuring the heat loss from the hand were able to 
demonstrate the opposite reaction in syncope, i.e., cutaneous 
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vasodilatation. It seems difficult, therefore, to draw any definite 
conclusions regarding the vasomotor reactions associated with this 
phenomenon. 

What, then, is the function of the mesencephalic relay station 
of the sympathetic vasodilator system? Are there any reflexes that 
are relayed, via that station, to sympathetic vasodilator and 
vasoconstrictor neurons? Although this problem is still obscure, 
there are abundant prerequisites for the existence of such reflexes. 
Both the tectum and the tegmentum mesencephali have a compli- 
cated nuclear pattern and numerous afferent connections (HusBER, 
CrosBy, WoOopDBURNE, GILLILAN, BROWN and TAMTHAI, 1943; 
BucHer and 1950; MarsurG and WARNER, 1947). A 
number of cortico-tectal and cortico-tegmental pathways exist; 
fibers run from various parts of the hypothalamus—not merely 
the portion of the sympathetic vasodilator pathway that is 
described here. Further, there are spino-tectal and bulbo-tectal 
pathways, the latter including important cochlear and vestibular 
pathways; and, not least, the optic pathway with direct retino- 
tectal as well as pregeniculo-tectal and occipito-tectal fibers. 

The numerous afferent and efferent connections to and from 
this part of the brain are illustrated by the complex pain reactions 
(crying, struggling, flight or defense reactions) elicitable by elec- 
trical stimulation in the tectum mesencephali in conscious cats 
(SPIEGEL, KLETZKIN and SZEKELY 1954). WALKER (1943), too, 
suggested that the tectum mesencephali represents an integrative 
region for pain reactions—actually the lowest level for them. 
In view of the activation of both somatic and autonomic efferent 
neurons that often attends alarm states, it is not unlikely that 
such mesencephalic pain reactions will also involve vasomotor 
neurons. 

Using various physiologic stimuli (activity of the animal, 
pulling and rubbing the skin) KELLER (1932) studied the responses 
in chronic mid-brain preparations (cats). He observed constric- 
tion of the pupils, constriction of ear vessels, secretion of adrenal- 
ine from the adrenals and unco-ordinated motor effects. Although 
the hypothalamus was considered to play an important role in 
the intact animal, he concluded that “the discharging of a typical 
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rage response is not dependent on the brain-stem cephalad to 
the middle level of the mid-brain.” 

Activation of the adrenals is known to take place in various 
states of generalized activity, for instance in emergency states. 
An increase in adreno-medullary secretion during physical exercise 
has been shown by various workers. In man, EULER and HELLNER 
(1952) showed an increase in the urinary output of catechol 
amines in heavy muscular work. The ratio between adrenaline 
and noradrenaline was generally the same as at rest. Which nervous 
pathways are involved in such conditions is, of course, far from 
clear. 

In the section dealing with the adrenal role in the reaction 
pattern studied here, it was pointed out that the adrenal medulla 
was usually activated but that the increase of the catechol secre- 
tion was so low that its effects on the blood flow in the muscles 
and skin were of minor importance compared to the nervous 
components. It is interesting to note that the humoral adrenal 
medullary component is also a feature of the reaction pattern in 
activation of the medullary vasomotor system, and even there 
is quantitatively insignificant. CHEN, Lim, WANG and Y1 (1937 a), 
commenting on stimulation in the vasoconstrictor center, wrote: 
“Experiments on the role of adrenal secretion in the visceral 
response to central stimulation have further shown that the 
nervous factor accounts for the first and greater part of the 
response.” This is fully consistent with the results of CELANDER’s 
detailed studies of the adrenal medullary role in vascular reac- 
tions as compared with the direct sympathetic innervation 
(CELANDER, 1954). 

In view of the partially different characteristics of the two 
catechol amines, adrenaline and noradrenaline, it would have 
been interesting to know their relative proportions in stimulation 

of the vasoconstrictor center and in stimulation of the sympathetic 
vasodilator pathway. Unfortunately such determinations were 
not possible in the present investigation; it was merely estab- 
lished that in mesencephalic stimulation an appreciable part of 
the total catechols consisted of adrenaline. Euttr and Fotkow 
(1953) reported a figure of 72 per cent noradrenaline in occlusion 
of the carorids, which finding can probably be regarded as tant- 
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amount to activation of the medullary vasoconstrictor center. 
According to Kainpi and Euter (1951) the percentage of nor- 
adrenaline in occlusion of the carotids is about the same as under 
resting conditions. An example of supramedullary activation of 
the adrenal medulla is the hypothalamic stimulation performed 
by Briicke, Karnpt and Mayer (1952). They found an increase 
of adrenaline from the resting value of 11 per cent to about 50 
per cent of the total catechols. These results may suggest yet 
another difference between medullary and supramedullary sym- 
pathico-adrenal discharges, and possibly between the two vaso- 
motor systems; and this would thus be consistent with above- 
mentioned remarks on discrepancies in function.—However, the 
problem is fairly complex; it should be noted that hypothalamic 
stimulation may cause selective increase of the noradrenaline sec- 
retion, too (REDGATE and GELLHORN, 1953; Fotkow and Euter, 
1954).—Bearing in mind the purely vasoconstrictor properties of 
noradrenaline, the activity of the medullary vasoconstrictor center 
would most effectively be supported if that substance were the 
predominant factor, whereas adrenaline would best fit into the 
other reaction pattern, with vasodilatation in the skeletal muscles 
and vasoconstriction in other tissues. Having regard to the 
other effects of adrenaline in the organism, it is a considerably 
better “emergency hormone” than noradrenaline. 


According to observations reported in earlier investigations and 
to the results presented and discussed here, the various neurons 
which, when activated, produce the reaction pattern of vaso- 
dilatation in skeletal muscles and vasoconstriction in skin and 
viscera apparently constitute not only an anatomical entity with 
a well-defined pathway in the brain-stem, but also a functional 
entity. It may be activated in various states of somatic activity. 

Similarly, all components of the medullary vasomotor system 
(centers as well as afferent and efferent pathways, excitatory and 
inhibitory), which chiefly has a blood pressure controlling func- 
tion, can be regarded as a functional entity. 

The two systems seem to be anatomically as well as functionally 


separate from each other. 
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CHAPTER VII 


General Summary 


Previous investigations into nervous vasomotor control are 
briefly reviewed, with special reference to those bearing upon 
the role of different regions in the central nervous system. 

In the present investigation cats were used. With the animals 
under Dial anesthesia, electrical stimulation was given in the 
mesencephalon as well as in the hypothalamus and medulla 
oblongata, with the Horsley-Clarke technique, and the venous 
blood flow was studied in skeletal muscles, skin and intestines. 

Cholinergic sympathetic vasodilator nerves to the skeletal 
muscles were activated from a region in the tectum mesencephali, 
with coincident activation of vasoconstrictor nerves to skin and 
viscera and excitatory fibers to the adrenal medulla. This tectal 
region is the most caudal intracerebral relay station in the sym- 
pathetic vasodilator pathway, cortex—capsula interna— hypotha- 
lamus (relay station)—mesencephalon (relay station)—medulla 
oblongata—spinal medulla (relay to preganglionic neurons). 

This vasodilator system, with accompanying vasoconstrictor 
fibers and adrenal medullary activating fibers, seems to have no 
direct relationship to the medullary vasomotor system. The 
efferent vasoconstrictor fibers of the two systems probably 
do not converge before reaching preganglionic cells in the lateral 
horn of the spinal medulla. 

Various details of the results are discussed in the light of 
earlier literature. Conceivable physiologic functions of the cortico- 
hypothalamo-mesencephalic vasomotor system associated with 
different types of muscular activity are discussed and compared 
with known physiologic phenomena in which the medullary 
vasomotor center system is involved. The two systems are con- 
sidered to have different main functions and are regarded 
as both anatomically and functionally separate. 
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